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ABSTRACT 
A competitive method has been used to measure the 
rate of addition of fluoroalkyl radicals to olefins. 	The 
rate of CF  addition to ethylene 
CF 3 + C2H 	) CF3CH2CH 	 (1) 
was measured relative to abstraction from H 2 
CF  + H2  	CFH + SH 	(2) 
in the temperature range 18 - 201 °c. 	Hexafluoroacetone was 
used as radical source. 	The Arrheniva expression obtained 
was 
log(k1/k2 ) = (-026 + O'lLj) + (1510 ± 230)/2•3RT 
The reversibility of the addition reaction 
CF3CH2CH2 	CF  + C 2 	(-1) 
was tested in this system by varying separately the ratio 
[H2 31/{c2H1 and [cF3cocF3 ] at constant temperature. 	The 
rate constant was invariant under these conditions, indicating 
that reaction (1) was irreversible. 
An estimate was obtained for the rate constant of the 
reaction 
CF3CH2CH2 + C 2 	, CF3CH8 
which, at 16Li.°C, was approximately 1096 cc./mole sec. 
In a similar manner the rate of addition of CH2F 
radicals to ethylene 
CH2F + C2 	-) CH2FCH2CH2 	 (3 ) 
CH 2F + 1128 	) CH 3F + 811 	(Li.) 
was obtained relative to the abstraction rate in the temperature 
range 17-192 °C, and the data yielded the expression 
iii 
1og(k3/k) = (-091 + 0'19) - (1320 + 290)/23RT 
The reversibility of the addition reaction 
CH2FCH2 CH2 	CHE F + C2H 	 (-3) 
was tested by varying the total pressure over an eight-fold 
range, the temperature and reactant ratios remaining constant. 
The rate constant did not change, and hence reversibility 
was excluded. 
Under optimum conditions, the 2 S-competitive method 
used above was relatively free of side-reactions, and the 
products measured accounted for '-' 99% of all products observed. 
The same method was attempted for the additions OF3 + 0H2=CF2 
and CF3 + CF2=CP2 , but in both cases the number of products 
was not sufficiently small for rate measurements to be made. 
Qualitative information was obtained for rate of reaction and 
identification of products. 
The addition reaction 
CH  + C 2 	-) CH3CF2CF2 	(5) 
was studied in the temperature range 80 - 180 0C by the 
material balance method used by Cvetanovid. 	The radical 
source was biacotyl, and the competing reaction was 
0113 + i-CH10 	) CH + i-C14 H9 (6) 
The Arrheniue expression obtained was 
log(k5/c6 ) = (052 ± 023) + ( 2420 + 1420)/23RT 
The abstraction reaction (2) was investigated briefly 
as a check on previously reported parameters. 	In the 
temperature range 23 - 111° C the rate constant was 
iv 
log(k2 , cc./mole see.) = ( 12 40 + 0'37)-(5180 + 63 0 )/2 '3RT 
in fair agreement with previous work. 
The abstraction of hydrogen from 2,3-dimethylbutane 
by CF  radicals 
CF  + 06H1 14 	) CFH + C61113 	(7) 
was studied in the temperature range 23 - 152 0C. 	This 
reaction had been used as a reference reaction in previous 
work in the measurement of rates of CF  addition to olefins, 
and existing parameters for (7) were unsatisfactory. 	The 
data of the present work yielded the expression 
log(k7 , cc./mole sec.) = (1084 + 007) - ( 3330 + 100)/2'3aT 
The absence of interfering side reactions was demonstrated by 
varying separately the initial concentrations of reactants at 
constant temperatures. The rate constant did not signific-
antly change under these conditions. 
The CF  radical is seen to be extremely reactive in 
adding to ethylene, being more reactive than Cl! 3 or CC1 3 by 
more than two orders of magnitude. 	Fluorine-substituted 
methyl radicals show increasing reactivity as fluorine replaces 
hydrogen in the sequence CH  < OHF < 072H < CF 30  This is 
due to a stepwise decrease in the activation energy in the 
same sequence. 	The effect on the rate of addition of sub- 
stituting fluorine for hydrogen in olefins has been discussed 
in terms of inductive and mesorneric effects. 
1 
INTRODUCTION 
To a large extent, the gas phase reactions of 
organic molecules proceed by the intermediary formation of 
free radicals. 	An alkyl free radical may be described as 
a "deficient" alkyl molecule, e.g. if a hydrogen atom is 
removed from methane, the methyl radical CH  is formed. The 
bonds in hydrocarbon molecules are generally covalent rather 
than ionic, and so the methyl radical thus formed is uncharged 
and possesses one unpaired electron. 	It is the presence of 
one or more unpaired electrons which accounts for the observed 
high reactivity of most free radicals. 
The presence of free radicals was first demonstrated 
by the "lead mirror" experiments of Paneth at al. 1 A stream 
of gas containing tetramethyl lead flowed through a glass 
tube, one section of which was heated. Downstream from this 
section a thin film of metal was deposited on the glass. 
When heat was then applied further upstream instead, a new 
metallic mirror was formed, and the original film slowly 
disappeared. Thus the first film was formed by the process 
Pb(CH3 ) 	) Pb 	+ L. CH  
and was removed by the reverse reaction 
Pb + Lj. OH3 	Pb (CH 3 ) 
In addition to this chemical method, the recent 
physical technique of electron spin resonance is able to 
detect free radicals more directly, by virtue of the paramag-
netic properties of the odd electron. 	Simple free radicals 
in the gas phase, such as OH and SH, have been detected and 
monitored by this means. 2 For purposes of comparison, atoms 
such as 0 0 H and N may also be regarded as free radicals, 
and these have been observed by e.i.r. spectroscopy. 
The first tree radical to be intensively studied was 
the methyl radical, a simple species readily formed by the 
photolysis of acetone and the products, mainly CH and 
could be measured without much difficulty. However, the 
reactions of larger alkyl radicals become increasingly complex, 
partly through inter- and intra-radical reactions such as die-
proportionation and decomposition. The introduction of 
quantitative separating and measuring techniques such as gas 
chromatography and mass spectrometry has greatly simplified 
analytical problems. 
Interest has been extended to radicals containing 
atoms other than carbon and hydrogen. Of these, much effort 
has been devoted in recent years to fluoroalkyl radicals. 
Impetus for this was given, apart from the intrinsic interest 
in the behaviour of tluoroallcyl radicals via--via ordinary 
alkyl radicals, by the increased use of halofluorooarbona, 
especially in the manufacture of refrigerants and plastics. 
F].uoroalkyl radicals have proved to be very amenable 
to kinetic study for the following reason. The reacting 
system initiated by a fluoroalkyl radical will be simpler 
than that generated by the corresponding alkyl radical. This 
may be regarded as a consequence of the fact that the C-F 
bond Is the strongest single bond between carbon and another 
atom (fox' example, D(CF3-F)> 118 kcal./mole, 3 iereas 
D(CH3-H) = lOL'. koal./n3ole 1 ). 	To a very great extent, 
therefore, the fluorine atoms of fluoroalkyl radicals mad 
molecules are immobile, and are not abstracted or eliminated 
in the menner of hydrogen atoms. The only exception to this 
rule, unique to fluorohydrooarbons, will be discussed in 
Chapter 1 which follows. 
L. 
CHAPTER ONE: REACTIONS OF RADICALS 
For the purpose of the present work, radical reactions 
may be described under the following headings: 
Combination 




Addition to olefins. 
The reactions of alkyl and fluoroalkyl radicals will be 
compared whenever possible in each section. 
The following nomenclature will be used in this work: 
(1) Perf1uoroalkl radicals - those containing C and F atoms 
only; 	(ii) Alky]. radicals - those containing C and H atoms 
only; (iii) Mixed radicals - those containing C. H and F 
atoms. 	Radicals in (1) and (iii) together will be referred 
to as fluoroalkyl radicals. 
(A) Combination 
This is the simplest type of radical reaction. The 
product is a stable molecule and hence this process is a 





and the following kinetic expression may be derived: 
d [ H2 ]  
RH 	= 	dt 	k0 [R] 2 = 	
d[R] 	(I) dt 
where 
R R2  is the rate of formation of the dimer 
[R2 ] is the concentration of the dlm.r 
[R] Is the concentration of the radical 
ko  18 the rate constant for the reaction 
The quantity of kinetic interest is 1cc,, and, from 
equation (I), this quantity may be measured in principle by 
observing [R] as a function of time. 	The direct measurement 
of [R] is in practice both difficult and unnecessary, and 
the most successful method for the determination of k 0 has 
been that of the rotating sector or intermittent illumination. 
The method as applied to CH  radicals may be summarized as 
follows. 6 Acetone in the gas phase, when photolyzed, 
produces methyl radicals 
OH3000H3 + hu 	0 20ff3 + CO 
which will combine 
20ff3 	) CH6 
and Ic0 may be obtained from R. 	and the mean lifetime 9 
or the methyl radicals. Now 9 is determined indirectly by 
comparing theoretical and experimental plots of the ratio 
[CH ] = 	3ss, 
7 'Cu 3J isn't 
vs. log t t o where [cu 3 ) 55,1 is the steady-state radical 
concentration under intermittent illumination, [CH 
3188 0 8
the same under steady illumination, and At is the time of a 
single light flash. Usually y Is determined experimentally 
by using a pilot reaction to monitor (CH 3], in this case the 
reaction 
CH  + CH300CH3 	) CH + CH2COCH3 
so that y may be equated to 
R CH I 
Rc11, 8 
where the subscripts i and a have their previous connotations. 
Early use of this method for finding k 0 fog methyl 
radicals was made by Gomer, 5 and Kiatiakowaky et i.6,7 The 
theory was further refined by Shepp. 8 The technique of pulsed 
photolysis, used by March and Polanyi, 9 may be considered as 
a variant of the sector technique. 	The theoretical treatment 
is simplified because negligible reaction takes place during 
the period of Illumination, which is ca.10 3 of that in sector 
photolysis. 	The reported rate constants are summarized In 
Table 1. 
TABLE 1. 
METHYL RADICAL COMBINATION RATE CONSTANT k. BY SECTOR OR 
PULSED PHOTOLYSIS 
Radical Source. Temperature, ° C 	LO(k0,co.ole see) Reference 
Hg(0H3 ) 2 175 1385 5 
Acetone 125 1365 6 
Acetone 175 1362 6 
Hg (CH 3 ) 2 175 13'66 6 
Acetone 165 1357 7 
Acetone-d 3 	 165 	 1358(CD3 ) 	7 
Acetone 	 125-175 	 1 334 	 8 
Acetone 	 134 	 1336 9 
Shepp's value for log k 0 , 1334, will be used In the present 
work. 
7 
The rate of methyl radical combination has been 
estimated by other means. 	Dodd 10 used the rotating sector 
method with CH3CHO. 	Lossing and Ingo1d used a mass spectro- 
meter to follow the concentration of radicals generated by 
pyrolysis of Hg(C113 ) 2 . 	Moseley and Robb, 12 using an extremely 
sensitive diaphragm manometer, measured the change in pressure 
resulting from the adiabatic temperature change during acetone 
photolysia. 	Durham and Steacie13 measured the rate relative 
to the reaction 
CH  + NO 	CHNO. 
The rotating sector method has been used to determine 
for C2 , 0 3 and C alkyl radicals, 16'17  but there are no 
data for the corresponding perfluoro radicals. 
Uniform with Shepp's method for CH  combination, 
Ayacough found log (k0 ,co./mole sec.) for CF  radicals to be 
1336 at 127 ° C. 	Methane was added to the system to provide 
the pilot reaction 
C F 3 + CH 	) CF3H + 011 3 
This is the only reported value for this auto-combination rate 
constant, and it is used in the present work. 
The activation energy for the combination of CH  
radicals is small and is usually taken to be zero; the rate 
constant is close to the collision number. 	The variation of 
with temperature is in practice much smaller than experimental 
error; Gomer and Kistld.kowsky 6 quote a value of 0 ± 07 
koal./mole for this activation energy. 
As with CH  radicals, the temperature dependence of 
CF  combination is very small, and not directly observable. 
91 
The activation energy, 
collision theory to be 
system containing both 
concluded AE OF  < 2 ke 
— 
marked polarity or the 
AEcF 
3 
, has been estimated from 
< 15 koal.,/mole. 	From a study of a 
CH  and OF 38 Pritchard and Dacey15 
]../mole. It was thought that the 
C-F bond might give rise to a potential 
barrier for OF  combination, and that this is manifested in a 
small positive value for AECF• 	That this is erroneous was 
shown most recently by Giles and Whittle 20 who, in a study of 
the same system used by Pritchard and Dacey, 15 showed that 
AE 	 = AE CH3 H -' o• 	The reason for this correction is CF3 
discussed below. 
The combination of unlike radicals (cross-combination) 
has received much attention for both alkyl and perfluoroalky]. 
radicals. 	The reactions of interest are, for radicals A 
andB 
	
2A 	A2 	kaa 
2B 	B 	kbb 
A + B 	AB 	kb 
and the cross-aembination ratio k ab/(kaakbb) 1 may be equated 
to the experimental ratio R ab/(RaaRbb) 	Simple collision 
theory predicts this ratio will be -'..' 2 for reactions of zero 
activation energy. This has been found to be so for many of 
the combination reactions between C to O alkyl radicals 17 ' 37 
and for the perfluoroalkyl pairs 188,19OF  + n-C 3F7 and 
OF  + C2F5 . 
Hitherto we have discussed the combination of alkyl 
or perfluoro radicals. 	In some "mixed" combinations, i.e., 
Wei 
when the resulting molecule contains C. H and F atoms, a 
new possibility occurs, first reported by Pritchard at al. 30 
It can be illustrated with the mixed combination CH  + OF 
30 
In two early investigations 15 ' 21 the cross-combination ratio 
was found to be either much smaller than 2, or markedly 
temperature dependent. Both £Lcook and Whittle 22  and Batt 
and Pearson23 observed CH2 = CF2 as a product of systems 
containing these radicals, and Giles and Whittle 20  subsequently 
proposed the mechanism 
	
2CH3 	) 0H6 	 (1) 
2CF 3 
	
0 U2F6 	 (2) 
OF  + CH (cF13CF3)* 	 () 
(CH 3cF3)* + M 	' CH3CF3 + N 	(a) 
(CH 3CF3)* CHCF2  + HP 	(e) 
where (CH 3CF3)*  is a "hot" molecule, (a) is the stabilization 
by an inert species N and (a) Is the elimination step. 
Thus a more accurate cross-combination ratio for this 
system would be 
k3/(k1k2)1 = (RCHCF + RCHCF)/(RCHRCF) fr 
and Giles and Whittle 20 found this to be (202 + 023)exp 
(170 + BOAT). From this expression It is seen that the 
croBs-combination ratio is 2 0 is temperature independent, 
and El= E2 = E3 - 0. 
Further, from this mechanism we can write 
RCHCF 	k1r'i] 
and these authors 20  found this relation to hold, noting that 
was different for different deactivating species. They 
also found that k 3/k 5 decreased with temperature, and the 
data fitted an Arrhenius plot. 
These relations, found for the 011 3 + OF  system, were 
found for several others in parallel faahion: 2 ' 31932 CH  + 
2' CH2F + CH2F J CH2F + CF2H, CF2H + CP211, CH  + CF2H, 
0113 + CH3CF2, CH  + CF2HCH2 . 
Values of k/k for the various "hot" fluorinated 
ethanes were calculated25 ' 31 from the Rice-Ramaperger-Kassel 
(RRK) theory of Unirnolecular reactions, and it was found that 
1c8//k changed very markedly through the series 
C2HF5 > C2H2F1 > C2HF3 > C2HF2 > CH5F 
in the ratios 2100:360:50:7:1. 	In other words, the more 
fluorine atoms in the molecule, the less likely HF will 
split off. 	Fair quantitative agreement with experiment 
was obtained. 	Indeed, in a system containing CF 3 and CF2H, 
Giles, Quick and Whittle 26  did not observe any C22 =CF2 at 
all, indicating a high value for 
HP elimination is absent, however, from the coinbin-
at1ons2729 M1  + n-C 3F7 , 02115 + n-C 3F7 and C 2  H 5 + 02F5 . 	It 
appears that, in these "hot" C and 05 molecules, there are 
enough degrees of freedom (vibrational oscillators) available 
to dissipate the excess energy before elimination can occur. 28 
Thus mixed radical combinations will split off HF, 
but the "ordinary" radical combinations 
2CH3 	) C 	 (1) 
Pr 
11 
20F 	 0 C2F6 	(2) 
do not split off H2 or F2 . 	Ethane is produced in reaction (1), 
rattler than C 2  H + 112, on thermochemical grounds 20 as well as 
from, RRK theory. 2.5 	In (2), the reaction yielding C 2  F + F2 
is 67 kcal. /mole endothermic. al 
The cross-combination ratios for mixed radicals at 
100°C, with their temperature dependences expressed as 
activation energies, are given in Table 2. 
TABLE 2 
CROSS-COMBINATION RATIOS OF MIXED RADICALS AT 100°C 
Radical Pair k b/(kkbb )  Eab_(Eaa +Elob) 
kcal./mole 
CH 	+ n-C 3F7 52 -lL. 27 
C11 3 + C 2 F 5 -' 2 0 	(?) 40 
C2H5 + 02F5 17 075 29 
C2H5 + n-C 3F7 22 19 28 
- 32 .-' 	0 	(?) 39 
It cannot be decided in these cases whether it is the 
combination of perfluoro radicals 27  or combination of perfluoro 
and alkyl radicals 28  which is temperature dependent. The 
absence of temperature dependence in cross-combination of 
perfluoro radicals 18,19  leaves the final answer undecided 
until more precise data are available. 
(B) Disproportionation 
When two alkyl radicals react, there may be an 
effective transfer of a hydrogen atom fran one to the other: 
R + R' 	- RH + R'(-H) 	(d) 
R+R' 	' RR 	 (c) 
12 
producing the alkene R'(-H). 	The disproportionation-com- 
bination ratio kdl/kcs conveniently written as "(R,R') is 
equated in experiment to RR(_H)/i. 	Values of (R,R') for 
most alkyl radicals' 7 ' 37 lie in the range 0'1 to 1, and show 
little or no temperature dependence. 
The corresponding reaction with perfluoro radicals 
Rf and 
+ Rj. 	Rt1P + R(-F) 
has never been observed and is ruled out on thermochemical 
grounds, D(C-F) being too large. 
Disproportionation in mixed radical interactions also 
occurs, and Table 3 gives a summary of the data. 
TABLE 3 
D ISPROP ORT IONAT ION-COMBINAT ION RATIOS FOR MIXED RADICALS 
R 	 R' 	 /(R,R') 	Ref. 
	
0F211 	 CP'2 H 	 019 	 33 
0'19 34 
020 	 24 
CH2F 	 CF2H 	 006 	 24 
C2F5 	 C2H5 	-' O56 	 29 
n-C 3F7 	 C2R5 	0021exp(2200/RT) 	28 
011.0 	 39 
Thus for mixed radicals as well as for alkyl radicals, 
(R,R') lies between 01 and 1 and is practically independent 
of temperature. 
The diaproport ion ations yielding Cap 
2CH2F 	11 CH 3P + CR? 
CH2F + CF2H 	' CFH + CHF 	(11.) 
13 
do not occur; 21 in reaction (Lv), CF2 is the preferred product. 
ft,om this result one might predict that reaction (5) 
CH  + CH2F 	0 CH2 + CH3F 	(5) 
would occur, whereas (6) 
CH  + CH2F 	' CH + CRF 	(6) 
would not. 	Similarly Pritchard and Bryant 35 sought evidence 
for the reaction 
CH  + CF2H 	) CH + CF2 	(7) 
but results were inconclusive. 	It would be interesting to 
see, in view of the possible preference of (5) over (6), 
whether (7) and (8) 
CH  + CF2 H 	) CH + CF2H2 	() 
would be of more or less equal probability. 	Pritchard and 
Bryant 3 have commented on the considerable stabilization of 
CF2 relative to Cu 2 (AH 8 = -35 kcal./mole and AH 8 = + 90 
kcal. /mole), and consider whether the 0F2-H bond is weak 
compared with the CF2H-H bond (-'-#103 koal./mole). 
The mechanism for dispi'oportionation is still uncertain, 
and Benson 6 has given a recent critique. 	Thus when CH 3CD2 
radicals interact, the ethene formed is CH.- CD 2 exclusively, 
suggesting that the transition state leading to disproportion-
ation is a head-to-tail type 
CH3CD2 ----- HCH2CD2 
t 
whereas combination needs a head-to-tail arrangement 
CR3CD2 - - - CD2CU3 
The head-to-tail complex appears similar to that 
14 
involved in a hydrogen-atom abstraction reaction. 	It is not, 
however, an abstraction reaction, since for such a reaction 
the rate constant A-factor is ca.10 1cc./o1e sec. 	-,7 er fls- 
proportionatlon, Ad/ ...,  1c 32cc./iole see. 	From the facts 
that (Ed_Eo).O and  Ad1Ac,  it was thought 37 that radicals in 
the activated complexes for disproportionation have much the 
same freedom of movement as do radicals in combination 
complexes. 	A loose "4-centre" transition state, common to 
both disproportionation and combination, was propo3ed: 
C2H5 + C2H5 
	
(CH 3CH2_C112CH3)*+M > 
- 
CH3CH 	/2 	 CH3CH3 + 
Oil2 
More recently kd/k c iias been measured, at temperatures 
as low as -191°C, for ethyl-ethyl, 68 ' 69 methyl-ethyl, 70 see 
butyl-sec butyl71 and isopropyl-isopropyl. 72 It appears 
that, both in gas and liquid phases, kd/k C has a negative 
temperature dependence. The temperature dependence has been 
interpreted on the one hand by Klein at al.71' 72  as an 
activation energy (Ed -EC ) Ca. - 03 kcal./mole. 	These authors 
reject the common L.-eentre transition state, maintaining that 
disproportionation is qualitatively different from hydrogen 
abstraction and combination, requiring a different reaction 
path. 	On the other hand, Szware at al. 69 ' 7° prefer the 
common transition state, with Ed=E c=O, and attribute the 
temperature dependence to a 1P  factor. 
15 
In the case of t-CH9 radicals, lcd/kO > 1. 	A Li,- 
centre complex for this system is difficult to imagine. It 
might be simpler to aaauzne 6 that steno repulsion of CH  
groups lowers k0 , but does not affect lcd, for which there is 
a different transition state. 	Benson 6 suggests a partially 
ionic head-to-tail arrangement as a suitable precursor to 
dieproportionation in this ease. 
For the mixed pair C2F5 + O2H5 (Rd-EC) = -2'2 kcal./ 
mole, 28  which argues against a common transition state. 	It 
is interesting to note in this connection that the inter-
mediate for HF elimination might be a Li.-centre complex, e.g. 
for CH  + CH2P 
CH2 ---- 0H2 
H- - --F 
by analogy with HCl elimination73 from CH  + CH2c1. This cx, 
type elimination is not the only mode, for Pritchard and 
Bryant 24  also found some C72=CH2 from CH2F + CF2H, which suggests 
an a,a or three-centre elimination. 	In any case they 
conclude that the reaction channel that leads to dieproport-
ionation is an alternative one to that which leads to the "hot" 
ethane Intermediate. 
(C) Hydrogen-atom abetraotioi 
This is a radical-rnoleculs reaction or the type 
R+R'H 	) RH+R' 	(a) 
Itisamost extensively investigated type of reaction; Benson 
and DeMore17 and Trotman-Dickenson37 summarize the Arrhenius 
parameters obtained for R = alkyl, and Trotman-Diokenson 38 the 
results for R = fluoroalkyl. 
16 
Usually k   is not determined absolutely but relative 
to another reaction, most commonly the combination 
2R 	) R 	 (0) 




Thus only k0 need be found absolutely. 	For the bulk of 
hydrogen abstraction reactions by all radicals, log(A 5 ,00.,4nole 
sec.) = 115 + 05 and Ea = 8 + 3 koal./mole. For R = 02F5 
or C 3F7 , k0 has not been measured; it is usually equated to 
	
10134  co.,'inoleseo. (i.e., the value for CF  radicals). 	In 
a few reactions with these radicals, A   is abnormally high, 
which might suggest that ice 's for C 2F5 and C 3F7 are somewhat 
smaller than 1013'14. 
In Table 14 are compared relative rates of CF  and CH  
at 16140C (where 2'303RT = 2000) for H-abstraction from various 
substrates. 
TABLE 14. 
RELATIVE RATES OF HYDROGEN ABSTRACTION BY CF'AND OHJ at 164°C 
prim- second- tertiary ary ary 
OH 14 	02116  n-C14H10 i-C14H10 2 9 3-DMB i-C8H1 
* 
ka (CF3) 	 0 0 070 	1 	85 	8'6 	39 	10 
* * 
kR (CH) 	 0'038 	1 	7 . 9 	57 	22 	14 
E5 (0F3 ) 107 7'5 53 14•6 	33 	3•7 
Ea  (CH 3  ) 
)kcal./mole 	12'8 
) 
104 83 75 68* 7.3 
D(R-H) ) 	 1014 98 95 91 	- 	- 
* Data from references 79 and 80. 
17 
For both CF  and OH 3 , the rates decrease in the series 
tertiary > secondary > primary > CH 
4
. a reflection of the 
regularly decreasing values of D(R-H) and 
Table 5 compares rates at 1640C for three perfitioro 
radicals, from values recommended by Pritchard at al. 41  
TABLE 5 
RELATIVE RATES OF HYDROGEN ABSTRACTION BY PERFLUORO RADICALS 
AT l6L.°C 
C2F5 n-C 3F7 
H2 059 010 0059 
0 ' 094 0 '014 O011 
CH 0070 0026 0021 
C2H6 1 082 053 
0yolo-06H12 22 19 37 
For all substrates studied, the reactivities decrease in the 
series C1?3 > C2F5 > C3P71 a reflection of the tact that 
D(R-H) decreases in the same order. 	The same general 
conclusions apply to hydrogen abstraction by CH 3' 02115 and 
n-C 3H7 . 8 
It can be seen from Table L that, for a given substrate, 
B5 is 2-3 koal./mole smaller for abstraction by CF  than by 
CH 3P  and this is shown in the ratio of the rate constants in 
Table 6. 
TABLE 6 
RELATIVE ABSTRACTION R.ATEC ON STANT S AT 164 0C 
CH C2H6 n-CH10 i-CH10 2,3-DMB i-C81118 112 112 3 
1CH 76 14 	45 	6'2 	73 	31 3232 
The superiority of perfluoroalkyl radicals over 
alkyl radicals in producing a cleaner reacting system, 
mentioned in the Introduction to the present work, can be 
seen in the following analysis. 	In a simple case of hydrogen 
abstraction we have the processes 
Radical Source 	) H 	 Ci) 
R+R'H 	o, RH+R' 	 (a) 
2R 	R2 	 (c) 
where (1) represents the initiating step. 	When R is alkyl, 
RH can also arise from the disproportionationa 
2R 	) RH + R(-H) 	 (d1 ) 
and 
R + H' 	) RH + R'(-H) 	(d2 ) 
and also from (1) and abstraction from the radical source. 
If an attempt is made to correct RH by subtracting R(-H) 
formed in (d1 ), it must be ascertained that R(-H) Is not 
formed in M. In any case it must be remembered that the 
addition reaction 
R + R(-H) 	RR (-H) 	(add) 
Is 10 to 100 times faster than abstraction reactions, so that 
some alkene may be lost. 
In ocritrast to this, if a pertluoroketone is the 
radical source, then reactions (d1 ) and (add) are absent, as 
is abstraction from the radical source. 	Reaction (d 2 ) 
remains as an extra source of RH. 
(D) Decomposition 
Since there are no data on fluoroalkyl radical de-
composition, this section deals mainly with alkyl radicals. 
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Decomposition may be described under the headings (1) Thermal 
decomposition and (2) Hot radical decomposition, depending 
on the method by which the radical acquires sufficient energy  
to decompose. 
The following types of radical decomposition have 
been observed: 
R 	) r + H 	 (1) 
R 	) r' + R' 	 (ii) 
R 	) H + R"  
where r and r' are alkenes, R' is methyl or ethyl and R" is an 
alkenyl radical. 
(1) Thermal Decomposition 
It will be convenient to review the literature 
according to the two general methods for producing the 
radicals, viz., (a) alkane pyrolysis and (b) aldehyde,ketone 
and azo compound decomposition. A discussion of the 
Arrhenius parameters obtained will follow (b). 
(a) A].kane pyrolysis 
The unsensitized decompositions, above 400 O c t of 
ethane42  and n-butane 3 yield radicals in primary and secondary 
reactions. 	The rate constants for radical decompositions 
are obtained from product and kinetic analysis, both of which 
tend to be complex. Arrhenius parameters for the deoompo-
sitiene of C2H5 and CH9 were obtained in this way. 
Sensitized decomposition of alkanes does not require 
temperatures as high as those for unsensitized reactions, and 
most of the work was done in the range 250-500°C. The 
kinetic analysis is not less complex however. Lin and 
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Laidler 	added azomethane to 02H6 , C 3H8 or n-CH10 and the 
initial step was the decomposition 
CH3N2CH3 	) 2CR3 + N2 
followed by 
CH3 +RH 	)- C% +R 
which generated the radicals. 	Parameters were obtained for 




 and CH9 . 	In the photolysis of 
CH 3CD2 CH3—(CD 3 ) 2C0 mixtures, Jackson and NoNesby 5 produced 
propyl radicals by a similar mechanism, and obtained decom-
position parameters for C 3H7 . 
The unusual elimination of H 2 from an alkyl radical, 
reaction (iii), was observed by Gordon and Smith46 in photo-
lysis of alkane-(CD3 ) 2C0 mixtures. 	The pertinent high 
temperature reactions were 
CD  +RH 	) C D 
3 
 H + R 	(1) 
CD  + CD3COCD3 	) CD + CD2COCD3 	(2) 
R 	) r + H 	 (3) 
H+RH 	1P H+R 	 (Li.) 
H + CD3COCD3 	HD + CD2COCD3 	(5) 
The decomposition step (3) might also include the elimination 
	
of methyl, but this would not affect the analysis. 	If this 
scheme represents the important reactions, then H 2 arises 
only from (L). 	Furthermore, if the reasonable assumption is 
made that k1 /k2 - k11/1c5 , then CD3H/CD would be expected to be 
similar to H2/HD at a particular temperature. The ratio 
112/HD was in fact 3 to L times greater than CD 3H/CD, 
indicating another source of H 2 . This source was identified 
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as H, rather than the alkane in the reaction 
RH 	) r + H 2 
This H2 elimination was observed in 0 3 or larger radicals only. 
dGO5 to' 
The mercury photosensitized p-ro1yaici of a].kanes was 
used first by Bywater and Steacie, 7 and then later by Loucks 
and Laid1er 8 and Back and Takamuku) 9 The radicals were 
generated in the reaction 
Hg+RH 	Hg+R+H 
where RH was 02H6, 
C3 
 H8. n-CH10 or i-Cli10 . 	Arrhenius 
parameters were obtained for the corresponding radicals. 
(b) Aldehyde and other compound decomposition 
The high temperature photolysis of aldehydes, ketones 
and azo compounds produces radicals directly, and the method 
has been used by Trotman-Dickenson and many others. 37  The 
reacting systems in these oases tend to be complex, but 
Calvert and Sloppy 50  were able to simplify the interpretation 
of results by performing a selective photolysis of azoinetharie 
in n-butanal: 
CH 3N2CH3 + hV 	' 2CH3 + N2 
CH  + n-C 3H7CHO 	) OH + n-C3H7CO 
n-C 3H700 	P n-CH7 + CO 
Thus the direct photolytic decomposition of n-C 3H7CHO into 
fragments such as C 3H8, CH  and C 2 was avoided. 
In summary, it is found that the activation energies 
for the various modes of decomposition are: 
(1) H -4 r + H; B = 40 + 5 koal.Anole 
(Ii) R --a- r' + R'; E = 25 + 5 kcal./mole 
(iii) H -+ H2 + H"; E —'30 kcal./mole 
Here E (j) > E (jj) because D(C-H)> DO-0). 	The rate constants 
are not precise enough to be able to observe changes through 
a homologous series. 	Trotman-Dickenson 37 considered that 
rearrangement (or isomerization) or the radicals in some 
of this work renders activation energies somewhat ambiguous. 
Pbr example, in the photosensitized decomposition of C 3H8 , 
Back and Taanuku considered the equilibrium 
n-0 3H7 + M 	•- 1-0 3117 + M 
to have been approximately established between 300 and 400°C, 
but found that [n-c 3H7 }--'O0L1. [all radicals). 	It will be 
shown later In this Chapter of the present work that there 
is much evidence that isomerization occurs only to a very 
small extent in these decomposition studies. 
(2) Doomposltion of hot radicals 
In contrast to pyrolysis, the study of hot radical 
decomposition, by Rabinovitch and oo-workers, 553 is a model 
of precision and elegance. The decomposition of 02  through 
03 radicals (including isomers) was studied, and the different 
modes of decomposition of the larger radicals were distinguished. 
The procedure was uniform in all cases, and reactions 
were carried out at room temperature. Hydrogen atoms were 
generated from H2 by mercury photosensitization, and these 
added to the appropriate olefin. 
/ __ * 
	
H + CC 	) H 
/ 	\ 
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producing a radical R*  of precisely known excess energy. 
For the radicals studied, this was approximately 45 kcal./ 
mole. The radical could decompose. 
) products 
or be deactivated 
R * + M W)R+N 
where Ui is the collision frequency. 	The specific decom- 
position rate was defined as kd.c '(D/5), where D and S 
are decomposition and stabilization products respectively. 
For our purpose it is interesting to compare kdec 
for the homologous series 
(RCH2cHCH3 ) 	' R + C3H6 
R = Me, Et, n-Pr, n-Bu, n-Pe 
and the data are given in Table 7 
TABLE 7 
DECOMPOSITION RATES OF HOT RADICALS IN A HOMOLOGOUS SERIES 
R 	 log(k00Iseo) 	Excess energy of radical kcal./tnole 
Me 	 730 	 14v1 
Et 	 708 	 L52 
n-Pr 	 628 	 461 
n-Bu 	 5059 	 469 
n-P. 	 468 	 478 
Since the thermochemical parameters of the reaction 
and D(C-C) are practically unchanged through the series, the 
decrease in kd ec reflects the increasing number of vibrational-
rotational degrees of freedom available in the radical. 
In the case of a radical which has more than one mode 
of decomposition 
CH 3 
CH3CH2—CHCHCH 3 	CH  + C5H10-2 
) CH5 + CH5-2 
the rate constants are sensitive to the cis and trans isomers 
of the product olefin: 
TABLE 8 
DECOMPOSITION OF SEC - (3-?THThPTYL) RADICALS 
Products 
Radical 	Olefin log(k doe , see. ) 
Et 	t-C1 H8-2 	 636 
Et 	c-CH8-2 	 609 
Me 	t-05H10-2 	 5454 
Me 	0-05H10-2 	 509 
The decomposition rate constants obtained from pyrolysis 
and hot radical decomposition are not directly comparable. 
The first is an equilibrium system with radicals having a 
Boltzmann distribution of energy; 	the second is on unaquili- 
brated system with nearly monoenergetic radicals. If the 
internal energy of a mole of "hot" radicals is equated to 
RT, then these radicals have a "temperature" of 15,000 0jç, 
The decomposition of perfluoro radicals has not been 
studied, although some tentative conclusions may be derived 
from the pyrolysis of the normal perfluoro paratfina7 02 to 
C5 . 	The first step is a C-C bond rupture, producing radicals 
like CF3CF2 and CF3CF2CF2 . Projected mechanisms make much 
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use of the CF2 biradical which might come from the decom-
position 
CF3CF2CF2 	CF3 + C 2 
C2F 	2CF 
It is not necessary to postulate the decomposition 
CP3CF2CF2 	) F + C3F6 
to account for any perfluoro-olefinic compounds, for instead 
there might occur the reaction 
	
C?2 + C2FL4. 	) (CF2 CF2CF2 ) 	CF3CF=CF2 
analogous to methylene insertion into the double bond of 
alkenes. 36 
(E) Iaotnerization 
Since there are no data for isomerization of fluoro-
alkyl radicals, this section deals with alkyl radicals only. 
It is convenient to discuss isomerizat ion according to the 
carbon number of the radical, viz. (1) C 3 and C radicals and 
(2) C5 and larger radicals. 
(1) Propyl and butyl 
The possibility that an isomerization reaction 
i-C3H7 	isom. 	n-0 3H7 
might occur arose from decomposition studies of propyl radicals. 
By a semi-empirical method, Back and Takamuku 9 estimated that 
in the decomposition of propane in the range 300-400°C, only a 
few per cent of the radicals were n-C 3H7 . 
A more direct determination of the extent of this iso-
merization was done by Jackson and MoNeaby5 who pyrolyzed 
CD3CH2CH3 at 472-553°C. 	The CD 3CHCH 3 radical, if it rearranged, 
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would decompose to give a labelled ethane CD2 =CDH among 
the products. 	They concluded that at 500°C, k6 
CH3CHCH3 	isom. 	(CH 3CH2CH2) decomp. 	CH + C 2H 	 (6) 
was only a few per cent of Ic7 
CH3CHCH3 	' H + C 3H6 	(7) 
i.e., whether or not rearrangement occurred, it was very small 
compared to decomposition to C 3H6. This conclusion was in 
agreement with the findings of Kerr and Trotman-Diokenson55 in 
photolysis of i-O 3H7CHO, when C2R was taken as a measure of 
reaction (6); when CH was so taken, there was less agreement. 
In the photolysis of (CH 3CDCH 3 ) 2 C0 in the range 407- 
504'C, Holler and Gorjon56 found k6  Ilk 7 .' 05. 	They also 
found that the activation energy E6 was 325 + 2 kcal./mole, 
which they equated to the activation energy of iaomerization. 
A similar leornerization for n-buty]. radicals 
CH3CH2CH2CH2 jeom, 	CH3CH2CHCH3 decomp. 	CH  + C 3H6 
was proposed by Kerr and Trotman-Dickenaon57 to account for 
the appearance of propene in the photolysis of n-pentanal. 
This isoinerization has been questioned by McZiesby at ai.5659 
in their work on the decomposition of the labelled butyl 
radicals CH3CD2 CD2 CH2 and CH3CDCD2 CH3 . 	The possible iso- 
merizations were 
CH  CD2 CD2CH2 	) CH3CD2CDCH2D 	) CH  + CD2 CDCH2D 
CH3CDCD2 OH3 	CH2CDHCD2CH3 	) CH2 CDH + CD2 CH 3 
CH 3CD2 CD2CH2 	CH 3CDCD2CH2D 	) OH 3CD= CD2 + CH2D 
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In the products, neither propene-d, ethane-d i  nor CH2D2 
were found. 
In a similar manner, it was shown 60 that the isomeri-
zat ion of a-buty]. radicals 
(CH 3 ) 20HcH2 	) (CH 3 ) 30 
is negligible up to 54000 compared to the decomposition to 
C3H6 + CH 3* 
Thus it may be concluded that leomerization is of 
negligible importance for 04  radicals, and of minor importance 
for 0 3 radicals. 
(2) Pentyl and larger radicals 
It was thought 61  that since a long chain radical has 
a flexible carbon skeleton, it could react with itself, there- 
by isomerizing: 
CHN 









Thus the formation of CH 3CHCH2CH2 CH3 from CH3CH2CH2C12CH2 
was reported at 300-500 0C by Sefton and LeRoy, 62 and Wijnen6 
at as low a temperature as 150 °C. 	Arrheniva parameters for 
isomerization of n-pentyl were obtained by Endrenyi and 
LeRoy,, 64 who found an activation energy of 10'8 kcal./mole. 
and 07 radicals as well, 6 and Gordon and MoNesby 6 thereby 
make the generalization that for C5 and larger radicals, 
isonierization is an at least competitive reaction to li-abstrac-
tion and decomposition by C-C bond split. 
W. 
(F) Addition to olefins 
Since addition reactions constitute the main concern 
of the present work, the following remarks will serve as an 
introduction to a fuller treatment given in Chapter 2. 
The addition reactions of radicals, in contrast to 
H-abstraction reactions, have been relatively under-investi-
gated. This is certainly not because they are inherently 
lees interesting; for instance, addition is the reverse of 
radical decomposition: 
CH  + C2H 4 IRZ '- 0 3H7 
so that kinetic and thermochemical parameters of the one supply 
information on the other. 	The reason for relative neglect 
lies in the fact that in H-atom abstraction, the product is 
a stable molecule whose rate of formation is easily measured. 
In addition reactions, however, the only product is another 
radical, whose rate of formation is not so easily measured. 
There are three methods which have been used success-
fully to measure addition rate constants, viz., (1) complete 
product analysis, (2) material balance and (3) aldehyde method. 
They will be described here only briefly, and will be evaluated 
in Chapter 2. 
In (1) all the products of the reactions of the adduct 
radical are measured. This method is not much used, as the 
reacting system becomes very complex. 	Eidrenyi and LeRoy 66 
have obtained parameters for CH  + C2H and C 3!!7 + C2H in 
this way; the reaction scheme included 16 reactions and 15 
measured products. 	Method (2) may be used in a system in 
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which the material balance of the attacking radical is well 
established and any deviation in the presence of an unsaturate 
may then be attributed to radical addition. This technique 
has been used, with variations, by James and Steacie, 
Cvetanovi6, Whittle, and Szwarc. 	In method (3), used by 
Trotman-Dickenson, an aldehyde is the source of the radical 
RCHO+hv 	P R+CHO 
which adds to the olefin 
H + C2H 	RCH2CH2 	(add) 
and under suitable conditions, most of the RCH 2CH2 appears 
finally as an alkane via the reaction 
RCH2CH2 + RCHO 	) RCH2 CH3 + RCO 
In the kinetic analysis 
RRCHCH = 	 = RRCH 
and RH gives a measure of [RI. 
Arrheniva parameters for alkyl radical addition to 
olefins have been tabulated by Trotinan-Dickenaon, 37 and for 
fluoroalky]. radicals by Tedder and Walton. 67  A comparison 
of CF3 and 0113 reactivitlea is made in Table 9. 
TABLE 9 
RATE CONSTANTS FOR CH I  and CF3 ADDITION TO ETHYLENE AT 164°C 
CH 	CF3 
log(k,co. 14nolesec.) 	 76 	101 
E,kcal./mole 	 6-7 	2-3 
As was the case in H-abstraction, the rate constants 
for CF  addition are larger than those for 011 3 addition, and 
the activation energies are correspondingly smaller. 
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CHAPTER TWO: ADDITION REACTIONS 
For the purpose of a more comprehensive discussion, 
an addition reaction is one of the type 
free radical + unsaturate 	transient species 
where the free radical may be an atom such as 0. N or H as 
well as one of the usual polyatom carbon radicals. The 
transient species may or may not resemble the final products 
of the reaction, depending upon the reacting system. 
In addition reactions there arises the possibility of 
the reverse reaction occurring, i.e., re-forming the reactants, 
so that the measured rate constant may be in error. 	The 
enthalpy change for an addition reaction may be sufficiently 
high that the transient species decomposes via the reverse 
reaction before it can react or be deactivated by collision 
(in transition state theory, the transmission coefficient 
would lie between 05 and 1). 	Table 1 shows that these 
enthalpy changes may be appreciable. Whether or not the 
reverse reaction occurs depends upon prevailing conditions in 
a reacting system. 
An example of a. reaction in which the reverse de-
composition has to be taken into account was the addition of 
NF2 to ethylene: 92 
NF2 + C2 	'- (NF2CH2 CH2 ) * 	(1 2 2) 
(NF2CH2CH2 ) + M 	, NF2 CH2 CH2 + N (3) 
At 100°C, k2/'k 3 has a value of 35 x 10 -6 mole/ce. 	In the 
experiment, the total pressure was Ca. 50 torr, so that 
3]. 
TABLE 1 
ENTHALPY CHANGES IN RADICAL AND ATOM REACTIONS 
Reaction Products 6098kcal./tnole 
CH  + CH  C2H6 
-88 
CF 	+ CF C2F6 -86 
CH 	+ C2}114  C 3  H 7 
-26 
CF 	+ 02  H CF3CH2CH2 -39 
H + C2H4  C2H5 -39 
o + C2H 4 
C2HO -84 
CH3CHO -112 
CH 	+ CHO -32 
N+C2H CH3 +HCN -61 
16, i.e., under these conditions only 1/16th of 
the (NF2C120H2)* radicals were being deactivated. 
In this chapter, addition reactions will be reviewed 




A general comparison of these addition reactions will be made 
In (D), and the purpose of the present work will be described. 
In (E), an evaluation will be made of previous methods of 
measuring addition rate constants. 
(A) Alkyl radical addition 
An early summary of addition work is given by Trotman-
Dickenaon. 37 A complete list of Arrhenlus parameters for 
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alkyl radical addition to ethylene is giv an in Table 2 9 and 
the method used in each case is indicated by the following 
abbreviations: PA, product analysis; I, material balance; 
Aid, aldehyde method. Note that in this table and all others 
in this chapter, the units of k and A are oc./mole see, and 
of B, kcal./mole. 
There is no consistent trend down the table for log Ic 
or log A. The same is true for the relative values log 
add 0 and log (kSdd/k) 
 which are independent of auto-
combination rate constants. 	Hence for alkyl radicals, rate 
of addition to ethylene is practically independent of the 
nature of the radical. The same is true for addition to 
triple bonds. 37 
Parameters for the addition of other radicals to 
ethylene are compared with those for CH  in Table 3. 
For the three radicals containing carbon, the rates 
are of the same order of magnitude s although the radicals 
themselves are very different. The rate for NF  is 
smaller, partly because the bond formed is much weaker than 
that formed in the others (D(NF2-C) < D(NH-C) < D(C-C)). 
For alkyl radicals, we have seen that the rate for 
R + C2  is not sensitive to the carbon number of the radical. 
When however rates are compared for the addition of a 
particular radical to a series of olefins, interesting 
variations occur. 	This can be seen with CH  radicals in 
reaction with methyl-substituted ethyleries, 8 as in Table L. 
The rates are seen to vary in the sequence 
(1) R2CCH2 > RCH=CH2 > ROHCHR 
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TABLE 2 
ARRHEN 1U3 PARAMETERS FOR ALKYL RADICAL ADDITION TO ETHYLENE 
Radical 	Log A E Log k at 16L.°C Method Reference 
C H 3 	1138 71 783 MB 82 
1151 782 760 PA 83 
1110 684 768 PA 64 
1208 866 715 PA 84  
1193 795 7s95 MB 85 
C 2H5 	1015 65 
69 PA 86 
lO'4l 65 72 PA 87 
122 96 74 Aid 88 
n-C 3H7 	10'93 684 751 PA 64 
10 40 650 715 Aid 89 
i-c 3H7 	1085 6'90 740  Aid 55 
n-CH 9 
	105 
730 680 Aid 57 
t-CH 9 	105 710 690 Aid 90 
Note: Absolute values for A and k are based upon 
the following aut000mbination rate constants: 
C2H5 : log k = 14'2 - 2000/23RT, ref. 16 
n-C 3H7 : log k = 13 0 0 
i-C3H7 : log k 129, ref. 103 
n-009 : log k = 12 - 7 
t-CH9 : log k = 125, ref. 91 
314. 
TABLE 3 
ADDITION OF DIFFERENT RADICALS TO ETHYLENE 
Radical Log A E 	Log k at l6L °C Method Reference 
CH  1193 795 795 MB 85 
CH2 COCkL 3 109 66 76 PA 64 
0013 8.6* 32 70 PA 93 
NP2 1096 155 29 PA 92 
* These values are probably too low. 
See section (C) of this chapter. 
TABLE 1 
PARAMETERS FOR CH., 3 ADDITION TO SUBSTITUTED ETHYLENES 
Olefin Subatituents Log A E Log Ic, 	16L.°C 
C2  none 1193 795 795 
C 3H6 methyl 1151 7'143 7 . 79 
ethyl 1131 716 773 
C08 cis 1 0 2-diznethyl 10'94 7148 715 
C08 trans 1,2-dimethyl 11'45 805 7142 
C4 H8 
 1,1-dimethyl 11 8 145 6'94 798 
C5H10 triinethyl 10143 605 740  
tetramethyl 1031 6'76 693 
1,3-butadi.ne - 1121 4 14 914 
(ii) R2C=CH2 > R2CCHR > R2COR2 
These variations are observed also for CH  addition to phenyl-
substituted ethylenes in solution. 94 The trend in (ii) may 
be accounted for by steno hindrance, but that in (i), is less 
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easily explained. 	Various correlations between log k and 
olefin structure have been suggested.. 	Szwaro 95 observed 
that a linear relation holds between log k and localization 
energy (i.e., the 1088 of 71' electron energy in forming the 
initial adduct). 	Sato and Cvetanovic found a similar 
relation between log k and the free valence of the carbon 
atom of the site of attack. 
The rate of addition to butadiene-1,3 is much greater 
than that to the mono-olefins; this has been attributed to 
the stabilization by resonance of the allylic radical formed 
in the reaction. 
In a very extensive series of investigations, James 
and oo-wor1cers9702 obtained parameters for the addition of 
02H  to many substituted ethylenes, dienes and cyclic polyene8. 
They used the material balance method throughout. For 
alkyl-substituted ethylenes, a comparison is made in Table 59 
where data for C2H is taken from ref. 87. 
TABLE 5 
PARAMETERS FOR ADDITION OF C 2H5 TO MONO- AND 1,1-DIALKYL 
Olefin Subetituonta Log A 
C2H none 1041 
Me, Pr 1105 
06 H12-1 n-Bu 110 
C7H1 -1 n-Pe 112 
C 7  H 14  Me, tert-Bu 103 
C 8H16 Me, neo-Pe 10'7 
03H16-1 n-Hexyl 110 
E Log k, 1640- C 
65 72 





7 , 7 71 
92- 
Despite the great variation in the aubetituenta, the 
rate constant remains remarkably similar throughout. 	If 
there are any trends, they are masked by experimental error. 
For these olefins, James and Steacie97 found a linear 
relation between ionization potential (I.P.) of the olefin 
and activation energy, but not between I.P. and log k (the 
free energy of addition). 
A very different comparison may be made for the vinyl 
monomers CH2 CHX, as shown in Table 6. 
TABLE 6 
PARAMETERS FOR CH,- ADDITION TO MONOSUBSTITUTED ETHYLENES 
CH -CIIX 
Olefin X Log A E Log k at 164
0
C 
C2H H 1044 65 72 
vinyl-n-butyl ether 0C1 H9 108 71 72 
a].lyl alcohol CH2OH 117 86 74 
vinyl acetate OCOOH3 113 78 74 
styrene C6  109 50 8 - 4 
acrylonitrile CN 112 4'4 90 
This trend is followed exactly also by methyl radicals 
in solution. 98 The cyano and phenyl groups may be said to 
have great electron-withdrawing properties, the localization 
energy of the carbon atom is reduced, and the probability of 
reaction is increased. 
An interesting comparison for both CH  and C 2115 
addition to ethylene anO Menea is made in Table 7. 
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TABLE 7 
PARAMETERS FOR ALKYL RADICAL ADDITION TO ETHYLENE AND DIENES 
Radical Olefin Log A E Log k, 1640 C Method Ref. 
CH  0211 14 1193 795 7'95 ic 85 
OH2 CH2 1130 810 725 Aid 103 
CH2=CHCHCH2 1121 114 914 MB 85 
02H   C2H 104 65 72 PA 87 
CH2 CCH2 119 102 68 Aid 103 
0H2=OHCH=0H2 116 56 8'8 MB 101 
The low reactivity of cumulated dienea relative to mono-olefins 
is as yet unexplained. 	It is icnowr? 03 that alkyl, as well 
as CF  and 0013 radicals add exclusively to the terminal 
carbon atom of aliens, a general observation in atom and 
radical addition to olefins. 1014  
(B) Addition of atoms 
Rates of addition of H. 0 and N atoms are 10 3 - 1O 
times those of alkyl radical addition, cnd products are some-
times very different from the reactants. Hence special 
techniques have been devised, and Cvetanovic ° has given a 
comprehensive review of this subject. 
H-atom addition has been studied mainly in static 
systems. 	In the molybdenum oxide technique, atoms were 
generated by Hg photosensitized decomposition of H 2 . 	The [H] 
could be estimated from the intensity of blue color resulting 
from atom collision with the oxide. This technique gave an 
approximate absolute rate constant. 
Other methods gave relative rate constants, e.g. in 
the photolysis of H 2 
H23+hv 	P H+HS 
H + H 2 3 	H+HS 	(Li.) 
H + A 	) H 	 (5) 
H + A 	) H+R' 	(6) 
where A is the olefin. A material balance relation was used 
[H2 ] 	= 	. + k{H2 S] 
[H2)* - [H2] 	
Ic5 	k5[AJ 
where [H2]4 is the amount of hydrogen produced in the absence 
of olefin. 	Jennings and Cvetanovi 06 generated H-atoms 
from the Hg photosensitized decomposition of n-butane 
Hg* + C 4 H 	 ) Hg + ii + %H910 
and the kinetic analysis was similar. They obtained relative 
rate constants for H-addition to all the methyl-substituted 
ethylenes. 	Radiolysis has also been used to generate atoms 
for rate studies. Absolute rate constants were obtained105 
with a fast-flow system and mass spectrometer, for the 
additions H + O2H, H + C3 H6  and H + C4 
H8 0  
Rates of 0-atom addition have been measured in both 
static and flow systems. 	Cvetanovi 07 generated atoms in a 
static system by photosensitized decomposition of N 20, and 
measured the ratio k7/k8 : 
Hg*+N20 	P Hg+N2 +O 
O + A1 	) a1P1 + ••• 	(7) 
O + A2 	P CL 2 P2 + 
00. (8) 
where A1 and A2 are olefins and P1 and P2 are measured products 
of the reactions. 	Relative rate constants were obtained for 
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all the methyl-substituted ethylenes. 	Absolute rate constants 
were obtained by Elias 110  in a flow system, where atoms were 
generated by the reaction 
N+N0 	) N+O 
as well as by eleotrodeless discharge. 	In this case both (0] 
and [olefin) were observed as a function of time. 
There are usually several products of an 0 + olefin 
reaction, and the ainotuit of each product depends upon the 
total pressure in the system. This is consistent with the 
faot10 that the transient species formed in the addition step 
will have an excess energy of"-' 100 kcal./mole, and the extent 
of subsequent decomposition will depend upon the pressure and 
the stability of the hot radioal. Thus in the 0 + C 2H 
reaction, the lifetime of the hot C 2H0 is circa 10' 	sec., 
and most of the products observed are fragments like CO,, H29  
CH and aldehydes,wlth practically no ethylene oxide. 	In 
0 + 0 3H6 , however, most of the products are of the formula 
0 31160  and few franentation products are obtained. The life-
time of the hot 031160  is correspondingly longer, "'7 x 10 see. 
'N-atom addition rates have been measured either by 
the Polanyl diffusion flame technique or in flow Watems. As 
with 0-atom addition, the products are various, although the 
most abundant product, HON, is probably formed by 
N+C2H 	0H3 +HCN 
The yield of HON was indicative only of [N]0 in flow systems, 
and instead absolute rate constants were based on measurements 
of [N) or [olefin] or both as a function of time. 117 Herron109 
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has obtained rate constants for N addition to the methyl-
substituted ethylenes. 
(C) Addition of halocarbon radicals 
Quantitative rate measurements for CF  and Cal 3 have 
been made only recently, and Tedder and Walton 67  have given a 
summary. These authors9 made the first accurate measurements 
for Cal 3 addition to ethylene (B) by the product analysis 
method: 
CC13Bi' + hv Ia ) Cd 3 + Br 
Cal 3 + E --p CC13E 	 (9) 
Gal 3E + CC1 3Br 	P Gal 3E Br + Cal  
Br+E 	)- EBi' 
EBr + CC1 3Br 	' EBr + C01 3 
2001 	 0 C2C16 	(10) 
If the extent of reaction was small, and steady-state 
conditions held, then 
ICCl 3EBr) 	k 9 [E1 
lOa 
The value of 	was experimentally determined, k10 was known 
independently, and so k 9 could be deduced. This method 
enabled them to measure C01  addition rates to specific sites 
of the fluoro-olefins aH2 CHF, CF2=CH2 and CF2= CHF, 
as well as CF2=CF2 . Table 8 gives a summary of the data. 
The data in this table provide some interesting 
comparisons. 	For any given unsymmetrical fluoro-olefin, 
CC1 3 preferentially adds to the carbon atom which is less 
fluorine substituted. For CF2—CH2 we have 
Ll 
TABLE 8 
ADDITION OF CC1 3 TO FLtJORO-OLEFINS 
Site of addition 	Olefin Log A E Log k. 16k°C 
C2H 8'6 32 70 
CH  CH2 CHF 85 303 68 
0H2CF2 87 61 
CH2 CHP 8 - 4 5'L. 57 
GHF OF2 CHF 9 3 61 62 
CF2CH2 85 83 13 
CF2 CF2CHF 94 71 5'3 
CF2CF2 101 61 70 
k(addltion to CH 2)
125 k(addltion to CF2) 
This orientation of attack is predicted by the calculated 
parameters F(free  valence) and Q 
 (electron charge) of the 
carbon atom p. 	Also the activation energy can be correlated 
with the localization energy in the usual way. 	It is evident, 93 
however, that other factors are important. 	If the 001 3 
radical is electrophillo, then the decrease in log k in going 
down the first set in the table may be attributed to the 
electron-withdrawing properties of the fluorine atoms. 	The 
opposite behavior is seen in the third set. 
The absolute values of A and k in Table 6 should be 
treated with some reserve. They are based upon the combination 
rate constant for 001 3 
log k 10 = 118, E10 = 0 
which is thought to be too small.110 
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Addition of CF  radicals to olefins, previous to 
the work described In this thesis, had been measured only by 
the material balance method. 	Szwara and oo-workers 8° ' 112  
photolyzed hexafluoroazomethane (HFAM) in the presence of an 
olefin (A) and 20-dimethylbutane (RH): 
CF3NNCF3 + hv 	2CF + N2 	 (11) 
CF  + A 	C F 3 A 
	 (12) 
0F3 + RH 	) CF3H + R 	 (13) 
It had been established previously that, in the absence of 
olefin, if [RH]/[HFAM] > 1500, then RCF H/RN = bl ank = 2, 
i.e., all the CF3 produced in (11) were consumed In (13); 
no C2F6 was found. Neither did the addition 
CF3 + IIFAM 	) CF3 (HFAN) 
occur. When olefin was added to the mixture, ctexpt < 2 so 
that 2expt  represented the 0F3 radicals which added to the 
olefin. Thus 
_____ - 2[N2 1  - [CF 3H) = 2 -1 
I13IRHJ - 	1.CF3HJ 	flexpt 
and Arrhenlus parameters for k 12 ,4c13 for methyl-, chioro- and 
fluoro-olefins were obtained. 
The rate of addition of CF  to benzene and substituted 
benzenes was studied by Whittle by essentially the same method. 
Hexatluoroaoetone was the radical source, and the olefin served 
both as addend and source of abstractable hydrogen. The CF  
which added to the benzene was taken to be 200-(2C 2F6 + CF 3H). 
(D) General Comparison of Atom and Radical Additions 
There are enough data in the literature to make a 
comparison of the relative rates of addition to methyl-substitute 
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ethylenes by a variety of agents. 	Table 9 shows the data; 
the source, if not indicated, is the compilation by cvetanovic. 8 
For the results of liquid phase additions, the trends are more 
significant than the values. 
An oxygen atom may be described 10 as an electrophilic 
reagent (tending to acquire electrons). 	The rate of 0 + 
olefin therefore increases continuously as ethylene becomes 
more substituted, because CH  groups may be said to be electron-
donating toward the double bond. A more or less similar 
trend is shown by 3, Se, C0120  CC1F, NP2 , Br, OF 3s 
 cliol and 03 . 
Species such as C20, CH 2' CH 3s  N 
and H are more electroneutra].. 
Their reaction rates with butadiene-1,3 are conspicuously large, 
reflecting the relative stability of the resulting allylic 
radical. 
Enough is known also of the Arrhenius parameters for 
0, CH  and OF  addition so that the changes in A and E can be 
distinguished. 	For 0-atom addition, A is nearly constant 
down the series, and k increases because E decreases. 	For 
CH  and 073, both A and E change. We can write 
= Aexp (-E/RT) = [' exp ( 3*/H)] EOXP(-AH*AT d 
where 13 and 
fl*  are respectively the entropy and enthalpy 
of activation. 	5zwaro 2 has noted that A (i.e., AS * ) de- 
creases significantly when one goes from CH  + C2H to CH  + 
C2 (0H3 ) 14 or from CF3 + 02H  to OF  + C2 (CH 3 )0 	 In the 
substituted ethylene, the attacking group is partially 
restricted from rotating freely around the incipient C-C bond. 
For 0-atom addition, AS* is constant because the atom has 
spherical symmetry and aubstituenta do not affect rotation 
An 
TABLE 9 
RELATIVE RATES OF ADDITION OF ATOM AND RADICALS TO 1TIIYL-SUB ST ITUTED ETHYLENES 
Olefin 	 O, 3P s, 3 	 c20,½ 0H2 , 3 2 if 	CF 3 	CU3 	NF2 OC].2 	CC1P 	CRC1* N,S Br 03 
25°C 2500  25°C 230C 	21 0C 	25°C 650C 	6500 650c _1000  -100C -35° C 670c 250C 250C 
C2H14 1 1 1 1 1 1 1 1 1 — — — 1 1 1 
CH3CHCU2 58 68 35 53 10 18 12 081 55 — — — 19 18 
C2H50HCH2 58 97 71 — 16 19 1'2 077 50 1 1 1 20 23 
(CH 3 ) 20=d112 25 51 45 42 29 44 37 15 36 91 115 12 384 
cis CR3CHOHCH3 24 16 24 8•0 094 08 09 020 16 21 16 40 — 95 9 
trans CH 3CHCRCH3 28 19 56 97 089 101 10 0928 16 llj, 11 20 17 99 11 
(CH 3 ) 2c=CHCH3 79 92 — — 18 — — 053 74 254 750 77 — — 15 
(CH 3 ) 2c=c(ca3 ) 2 102 128 — — 27 15 13 014 214 590 3650 12 2 — 26 
C112 CH0ifCE2 	 24 	93 	98 	130 	19 	87 	87 	55 	— 	— 	— 	— 	3s5 — 	— 
Reference 
	
92 	113 	113 	114 	109 115 118 
* 
in liquid phase 
45 
about the C-O axis. 
Absolute rate constants have been measured only for 
some of the atoms and radicals listed above. 	Table 10 shows 
those values which were known at the start of the present work. 
TABLE 10 
ABSOLUTE RATE CONSTANTS AT ROOM TEMPRATURE FOR RAD ICAL ADDITION 
TO ETHYLENE 
II 0 N Br CF3 CF 2 T- CH2F 	0C13 NP 
Log k 	121, 118 11 - 3 10'O 106 - 	 - 	 - 	 61 6'3 -O'l 
Reference 105,  106 117 117 116 - 	 - 	 - 	 85 	93 	92 
It seemed desirable, therefore, to obtain absolute rate 
constants for the fluoroalkyl radicals, the values of which 
were expected to decrease in the order indicated. 
Szwarc's value 8o for OF  + C2H was relative to the 
abstraction 
OF  + 
C6H1 	CFH + C6H13 	(14) 
where C6H1 was 2,3-dimethylbutane. 	The only reported value 
for k1 at the time was 119 
log 
(k1 ,cc./no1e. sec.) = 10 22-1700/2 3RT 
If this activation energy, 17 koal./mole, was used with 
Szwarc's data, the activation energy for CF  + C 2 was -063 
kcal./mole. 	Hence either the data of Szwarc or those for 
(14), or both, were in error. 
At the same time it was hoped to obtain rate constants 
for the addition of fluoroalkyl radicals to 0FCH2 and 
CF2=CF20 and hence be able to make comparisons such as 
Tedder and Wa].ton 93 made with Cd30 
(E) Evaluation of methods for measuring addition rates 
At first thought the most satisfactory method to use 
for the present work would be product analysis. 	In practice, 
however, if all products are analyzed, the kinetic expression 
becomes unwieldy and simplifications must be made. 	Some will 
be arbitrary, and accuracy will be lost. 	Also, errors in 
analysis of many compounds are cumulative in the final result. 
With these limitations, the method was used by LeRoy, 66 ' 6 
Brinton, 8 Field87 and Kebarle. 8 	The method Is most suitable 
when there Is only one product, e.g. in the addition 92 C29 + 
NP20  the only product is NF2CH2CH2NF2 . 
The material balance method has been used widely. 
Szwarc's use 80  of this method has been outlined in section (C) 
of this chapter. 	It is assumed that all the CF3H arises 
from the reaction 
0F3 + C 6 H  14 	' CF3H + C6H13 	(lL) 
but the possibility of reaction (15) 
CF  + CH2 	C F 3 H + CH2_1 	(15) 
is ignored. 	For CC1 3 radio8ls, (lL.) and (15) are of the 
same order. 67  
It Is also assumed that the disproportionation reactions 
OF  + C6H13 	CFH + 06H12 
OF  + CF3CH 	- CFH + OF3CnH2n_i 
and combination reaction 
OP3 + CF3CH P CF3CH2 CF3 
do not occur. 	This Is not always justified. 
Cvetanovi 8 used a similar material balance for CH  
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radicals, the source being (CH3cO) 2 in a large excess of 
i-CH10 . 	In this case [CO]/[CH] = 1 in the absence of 
olefin. 	tinder proper conditions, > 95fa of the CH  radicals 
could be accounted for, and the rate of abstraction from the 
olefin could be distinguished. 	The method, however, does not 
lend itself to (CF 300) 2 as a radical source. When hexafluoro-
biacetyl is photolyzed in the presence of a hydrocarbon, it 
undergoes a photoreduction reaction, 135 producing carbonyl 
addition products such as 0F3 (R)COHCOCF3 . 
The distinguishing feature of any material balance 
method is its essential weakness, viz., the product of the 
reaction is not measured. 
In the aldehyde method, the product of the reaction is 
measured as the corresponding alkane 
RC nH2n  + RCHO 	) RCnH2+1 + aGO 
About 20 of the adduct radicals are lost, however, by dis-
proportionation, combination and further addition to olefin, 
and corrections are necessary. 
Even if these objections were surmounted, the use of 
CF3CHO in this method is not ideal. 	If the reaction 
OF  + CF3CHO 	) CF3H + CF3CO 
is used as a measure of [CP 
3 )
0 the data will be in error 
because the intramolecular elimination 
CF3CHO + hv 	) CF3H + CO 
is significant in theseiVatems. 120 
The method finally adopted in the present work combines 
direct measurement with the simplicity of Cvetanovis system. 
It will be described in Chapter 5. 
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CHAPTER THREE: GENERAL EXPERIMENTAL 
(A) Materials 
All chemicals (except the cylinder gases) were 
analyzed, before and after purification, by gas chromato-
graphy. They were degassed before use. 
HEXAFL1JOROACETONE was prepared from the sesquihydrate 
(Pure, Koch-Light). 	The starting substance was dehydrated 
with a hot, stirred P205_112 3% mixture at Ca. 755 torr, and 
the ketone was collected in a trap at -160 0C (isopentane 
slush bath). It was pumped at -127°C (n-propanol slush bath) 
and twice distilled at -700C. 	It contained at this point 
less than 014 C21'6,  and was stored in the dark at -1960C. 
HEXAFLUOROETHANE was taken from a Dupont and Nexnoura 
lecture bottle and was used without further purification. 
TRIFLUOROTHANE was taken from a Matheson lecture 
bottle and used without further purification. 
ETHYLENE was taken from a Matheson lecture bottle 
and used without further purification. 
1,1,1-TRIFLUOROPROPENE (Pierce Chemical Co.) was used 
directly from a lecture bottle. 
1,1 0 1-TRIPLUOROPROPANE was prepared by Mr. E.R. Morris 
of the Chemistry Department, Edinburgh University, from the 
pioto1yais of a C2H6-(0F3 ) 2 C0 mixture. 	The CF3CH2CFI3 , as it 
was eluted from the mixture of products passed through a 
silica gel column, was trapped out at -196 00. 	It was pumped 
at -127°C and distilled once at -2L °C. 
HYDROGEN SULPHIDE was trapped at -160 0C from a stream 
TE 
from a Kipp generator, pumped at -160 °c and twice distilled 
at -10000. It was stored at -196 0C. Impurities totalled 
less than 02%. 
1,3-DIFLUOROACETONE (R.N. Emanuel Ltd.) contained two 
lower-boiling impurities. The first, ca. 1%, was reduced to 
01% by allowing the ketone to stand at room temperature for 
48 hours in the presence of finely-divided CaC12 . This 
impurity was possibly 1-fluoro-2-propanol. 30 The second 
impurity, Ca. 01% 9 was unchanged by this treatment. 	The 
ketone was stored in the dark at -1960C. 
PLUOROI€THANE was prepared according to the method Of 
Edgell and Parts. 75 After distillation at -110°C, it contained 
5% of a higher-boiling impurity, probably CH 2F2 . 
1-FLUOROPROPANE was prepared by the same method as was 
used for CH 3F. 	It was distilled at -85°C and pumped at 
-11,50  9 , 4 	It then contained L impurities. 
/ 1-FLUOROPENTANE was prepared by the same method as 
/4a8 used for CH3F. 	It was distilled at -20 °C and pumped at 
-90°C, after which it contained 3 impurities. 	It was used 
for chromatographic identification only. 
TEPRAFLUOROETHYLENE was prepared by Dr. D.I. Nichols 
of the Chemistry Department, Edinburgh University, from the 
pyrolysis of teflon in vacuo. 	It contained 37 	It 
was distilled twice at -1330C (n-pentane slush bath), the 
last fraction being discarded each time, after which it 
contained 0'8% of this impurity. 
2,3-DIMETHYLBUTANE (Pure, Kooh-Lit) was found to 
contain two principal impurities: 2,2-dimethylbutane and 
n-05R12 (05% each). After distillation at -70°C, these 
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were reduced to 035% each. 	Other impurities, which were 
C5, °6  or 07 isomers, totalled 009%. 	It was stored at 
-1960C as it tended, over a period of time, to dissolve in 
stopcock grease which then lost its lubricating properties. 
ISOBUTANE was taken from a Matheson lecture bottle, 
and was found to contain 002% 02116, o'i% 03118  and 02% 
n-CH10 . It was used without further purification. 
BIACETYL (Purisa, Koch-Light) was found to contain 
l'S% lower-boiling impurities. 	These were reduced to 07% 
by pumping at - 15°C. 	It was stored in the dark at -1960C. 
1 0 1-DIFLUOROETHYLENE (Pierce Chemical Co.) was taken 
from a lecture bottle and used without further purification. 
1 0 1 9 1-TRIFLUOROPENTANE was prepared from a large-
scale photolysis of a (CF3 ) 2co-H2 s-c2H mixture in the ratio 
10:5:12. 	The total pressure was Ca. 700 torr in a 300 cc. 
quartz cell at room temperature. 	Unfiltered light from a 
Hanovia U.V.S. 500 mercury lamp was used, and exposure time 
was 96 hours. Gases not condensed at -1960C were pumped away 
from the products, and a middle fraction of this mixture, 
volatile between -800 and -20 0C, was separated by trap-to-trap 
distillation. This fraction was principally CF3CH2CH2CH2CH3 , 
wish 66% lower-boiling, and 56% higher-boiling impurities. 
Pumping at -50°C reduced the lower-boiling impurities to 1 7%, 
the higher-boiling ones remaining unchanged. 
CARBON MONOXIDE and METHANE were taken from Matheson 
lecture bottles. 
HYDROGEN and AIR were used for gas chromatography, 
and were taken from B.O.C. cylinders. Each gas was passed 
5]. 
through a short section of tubing containing activated 
alumina. 
(B) Apparatus 
That part of the apparatus which is common to the 
various systems studied will be described in the following two 
sections, (1) kinetic and (ii) chromatographic apparatus. 
Modifications required for each particular system will be 
described later in the chapter concerned with that system. 
(1) Kinetic apparatus 
The pyrex vacuum line, of conventional design, is 
shown schematically in Fig. 1. 	Stopcocks were lubricated 
with Edwards High Vacuum Silicone grease. 	The reaction cell, 
volume 159 cc., was a quartz cylinder, with optically clear 
quartz end windows. 	It was housed in a heavy, electrically 
heated aluminium block furnace, whose temperature was 
stabilized to ± 02°C or better by a Bikini-Penwall relay unit. 
The temperature was routinely measured with a mercury thermo- 
meter inserted into the metal of the furnace. 	This thermo- 
meter measurement (with the appropriate stem correction for 
the length of mercury thread outside the furnace) was calibrated 
against the temperature indicated by a Chroinel-Alumel thermo-
couple placed at the centre of the cell window further from 
the lamp. 	The reference junction was 0°C, and the E.M.F. was 
measured with a manual potentiometer (type P3, Croydon Pre- 
cision Inetriznent Co.). 	The thermocouple had previously 
been calibrated against the boiling points of three liquids: 
benzene (80°C), m-xylene (1390C) and o-toluidine (2000c). 







Corrections were applied for the variation or boiling point 
with changes in atmospheric pressure. Table 1 shows the 
thermometer-thermocouple comparison. The stem correction 
was calculated according to the equation 76 
SC = 16 x 10+n(t' - t) 
where 
Sc is the stem correction in C 
n is the length of exposed mercury column in terms 
of degrees 
t' is the furnace temperature in °C 
t is room temperature in C 
TABLE 1 
THERMOMETER-THERMOCOUPLE COMPARISON 
Thermometer Stem Corrected Corrected 
reading, Correction, Thermometer Thermocouple 
0 0 00 reading, Temperature, 
0 0 
47 0 47 47 ' 3 
73 0 73 72 
102 028 102 1010 9 
126 050 127 125 - 7 
151 11 152 150 5 
174 19 176 174 
201 30 204 201 5 
The bulbs V1 , V2 and V3 were calibrated volumes for 
the measurement of small quantities of gases. Each volume 
(inclusive of its stopcock) was determined from the weiit 
of water or mercury it contained at room temperature. The 
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volumes were, in cm 3 : V1 , 288; v2 , 543; 	V31 2460. 
The reaction cell was fully illuminated (except for 
the side arm) by a parallel beam of light from a Mazda W 
ME/i) (250 watt) mercury lamp passed through a quartz lens. 
The filter mounted on the furnace was usually a quartz plate; 
when the chemical reacting system required decreased light 
intensity, this was replaced by a Chance-Pilkington filter 
0 
whose measured transmission at 3100 A was oa.5%. 	The 
furnace, lens, filter and lamp were all mounted upon an 
optical bench to assure proper aliment of light beam and 
reaction cell. 
The McLeod gauge was used only to measure ultimate 
vacua of the pumping system. The combined Tp1er pump-gas 
burette is shown in Fig. 2o 	The volumes A. B and C of the 
side-arm of the gas burette were obtained from the weight of 
mercury required to fill the appropriate volume. These were, 
in cm3 : 
A, 00l353 
C O 2'25L. 
The amount of gas measured by this burette was obtained 
from the ideal gas law: 
n=. 106 RT 
where 
n is the number of naicromolea of gas 
(one anioroinole = 10 - 6mole) 
P is the pressure head, tor'r 
V is the calibrated volume used, in cc. 








R is the gas constant, 6'236 x 10 cc. torr/mole °K 
P is room temperature in 
The gas burette was fitted with another side-arm, 
through which the gas sample could be transferred to a sample 
tube. This permitted the sample to be removed from the 
vacuum line for analysis by a mass spectrometer (MS 10 0  
Associated Electrical Industries). 
The oil manometer N2 contained Dow Corning #705 
Silicone Fluid. 	Its density, 1'313 g./oo. at 240C, was 
obtained from its weight in a specific gravity bottle, whose 
volume had previously been obtained from weighing with and 
without mercury. The oil manometer was used for Increased 
precision whenever possible, in preference to the mercury 
manometer. The low pressure side of the oil manometer was 
continuously pumped while in use, as gases tended to dissolve 
in the oil to a small extent. 
(Ii) Gas Chromatographlo Apparatus 
The sample injection system is shown schematically in 
Fig. 3. 	It was connected to the high vacuum system in such 
a way that a sample could be transferred from one of the 
analytical traps to the U-tube of the injection system, and 
the"exit" end of the U-tube could be pumped to ensure 
complete transfer of the sample. 	(A), (B), (C) and (D) were 
Hone greaseless valves of minimum volume. The injection 
system was constructed from small bore pyrex tubing, and 
capillary tubing was used between valves (A) and (B) to 
minimize dead apace. The volume of the U-tube was approx-














The bypass was a length of small bore nylon tubing 
which supplied a subsidiary flow of hydrogen through the column 
to the flame ionization detector to keep the flame alight 
during sample injection. 	The injection system was evacuated 
by closing valves (B) and (D) and opening (A) and (C). 	A 
sample was transferred to the U-tube by closing (A) and 
surrounding the U-tube with liquid nitrogen. After 5 minutes, 
visual inspection showed that most of the sample had come over, 
and (A) was opened for 10 minutes to ensure quantitative 
sample transfer. 	The sample was injected onto the column 
as follows: with the U-tube at liquid nitrogen temperature, 
(C) and (A) were closed, (D) and then (B) were opened, and 
hydrogen flowed through the U-tube. The liquid nitrogen was 
removed from the U-tube and replaced with hot water. The 
sample was thus very quickly vaporized and was swept onto the 
column in plug flow. 
The detector-column and column-injection system 
connections were made with capillary tubing. The columns were 
made up of L mm. I.D. pyrex tubing and were maintained at 
constant temperature by means of an insulated jacket. One 
such jacket could be heated electrically to temperatures 
between ambient and 1000C, while another permitted the column 
to be maintained at 0°C in melting ice. 	Details of the 
columns used and the conditions required will be given later 
in the appropriate sections. 
The flame ionization detector was one made of brass 
to a design by MoWilliam and Dewar 77 and is shown in Fig. L. 
with its associated electrical circuit. The detector was 
(a) nylon 













FLAME IONIZATION DETECTOR AND CIRCUIT 
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supplied with compressed air (ca. 800 cc./min.) and was 
maintained at 270 volts by three 90-volt dry batteries in 
series. The ion current was dropped across high value 
resistors (accuracy ± 1%) of a shunt unit, and the voltage 
thereby generated was measured by a Vibron electrometer 
(Electronic Instruments Ltd.). 	Currents between 10 6 and 
10- 12  amp. could be measured with this arrangement. 
The output of the electrometer was placed across 
15 kS1 and l..ft resistors in series, and the voltage appearing 
across the if). was monitored by a tent 1 znv. recorder. 	The 
peak areas were integrated, as they appeared, by an electronic 
integrator (type IE 165A, Gas Chromatography Ltd.). 
(C) General Experimental Procedure 
Modifications of the following procedure for individual 
reacting systems will be mentioned in the appropriate chapter. 
The line was first pumped down to 10 5 torr or better. 
If a mixture of two or more reactants was required, the 
mixture was made up previously as follows: a quantity of 
reactant was expanded into the manifold and the pressure was 
noted on the oil or mercury manometer. The volume of the 
manifold was approximately 400 cc., so that the small change 
in volume offered by the descent of the liquid in the mano-
meter could be neglected. 	This quantity of reactant was 
trapped at liquid N2 temperature into a previously evacuated 
bulb SB. This procedure was repeated for each reactant of the 
mixture. When it was complete, the mixture was vaporized 
and allowed to mix in SB at room tenperature for 15 minutes. 
It was then expanded into the manifold and cell to the required 
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pressure, which was noted. The cell (and contents) were 
isolated by closing its stopcock, and the mixture remaining 
in the manifold was trapped back into SB. The manifold was 
then pumped down during photolysis. The cell volume and 
temperature, and the partial pressures of the reactants were 
known, so that reactant concentrations could be calculated. 
It was estimated that the gaseous mixture reached temperature 
equilibrium in less than one minute. 78 The mixture was 
photolyzed for a time interval, measured with a stopwatch, 
defined by the opening and closing of the shutter on the lamp 
housing. 
After photolysis, the cell contents were trapped into 
the first analytical trap Ti at -196 0C for 5 minutes. The 
gases not condensable at this temperature were then tplered 
into the gas burette. 	Fifteen cycles were found to transfer 
> 99% of the gas into the burette, and the number of mioromolea 
of this fraction could be calculated from the ideal gas law 
as explained in section (B)(i) of this chapter. 	These 
permanent gases could be transferred to a sample tube and 
analyzed mass apectrometrioaliy, if desired. 
The remaining products, frozen out in Ti, were 
vaporized, transferred to the U-tube of the V.P.C. injection 
system, and analyzed by gas chromatography as described in 
section W(ii) of this chapter. 
M. 
CHAPTER FOUR: HYDROGEN-ABSTRACT ION REACTIONS BY C? ) RADICALS 
(A) Abstraction from 2,3-dimethylbutane 
It was noted in Chapter 2 that the reaction 
C?) + C611114 	) CF3II + C6H13 	(1) 
where C6H1 was (CH 3 ) 2CHCH(CH3 ) 2 , was used by Szwarc8° ' 2 
as a reference reaction for measuring relative OF ) + olefin 
rate constants. The reported 119 parameters for k 1 were 
suspect because a negative activation energy resulted from 
their application to Szwarc's data. 	It was decided to 
obtain more reliable values for A1 and E1 in the present work. 
(i) Experimental 
Photolysis of mixtures, in which [OF 3COCF 3 ]/[2,3-DNBI 
was 10, yielded C 2?6 and CP3H which were separated by a 93 m. 
column of 30 diethyladipate on 40/60 Cku"omosorb P at 000. 
The flowrate of hydrogen through this, and all other columns 
used in the present work, was 60 oc./min. Before being swept 
onto the column, the mixture of products and reactants 
was distilled at -100°C in order to keep back 2,3-dimethyl -
butane from the column. 	A blank experiment showed that no 
C2?6 or CF3H was held back by this procedure, and the measured 
rate constant was not affected. 	(It was found that hexafluoro- 
acetone was retained indefinitely by this and all other fire- 
brick-based columns used in the present work). 	When reaction 
mixtures of ketone,ihydrooarbon ratio other than 10 were 
desired, a small side-arm (volume 1 cc.) was attached to the 
cell outside the furnace, and desired amounts of reactants were 
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trapped into it at -196 0 C. 	It was important for quantitative 
trapping that the reactants were well degassed and the line 
pumped down as far as possible. 	The residual pressure above 
the frozen mixture was always less than 002 tori', represent- 
ing quantitative transfer. 	When complete, the frozen mixture 
was expanded into the cell, and the side-arm was immersed in 
a small electrically-heated oil bath at furnace teuperature. 
It was found that the calibration of the flame 
ionization detector for fluorocarbon compounds was not 
sufficiently reproducible over the period of experimentation, 
so calibration with a pure C 2F6-CF3H mixture was performed 
after each run in this and all experimental systems of the 
present work. 
(Ii) Results and discussion 
In photolysis of mixtures of hexafluoroaoetone (UFA) 
and 2,3-dimethylbutane, the principal reactions were: 
(CF 3 ) 2c0 + hv 	0 2CF + CO 	(p) 
0F3 + 	 + c6H13 	(1) 
2CR3 	C2F6 	 (2) 
There is evidence 121  to suggest that the photolytic decom-
position (p) takes place in two steps: 
(a 3 ) 2co + hv 	01 CR300 + OF 3 	(P1) 
CF3CO 	o, OF + co 	 (p2 ) 
Whether or not this occurs, the result does not invalidate 
the kinetic analysis or the present work. 	In ef!3ot the 
only reaction of the CF3CO radical is (p 2 ). 
From reactions (1) and (2) we can write 
C U 
 
C21'6 6].L. 	2 
The data, from which Arrheniue parameters are derived, are 
given in Table 1 and are plotted in Fig. 1. 
Treatment of the data by the method of least squares 
yielded the equation 
log(k1/14)(oe./mole sec.) = (16 ± 007) - (3330 + 100)/23RT 
where the uncertainties are standard deviations. 	If14  
log(A2 , cc./mole sec.) = 1336 and E2 = 0, then 
109(k1 , co./mole sec.) = (1 0 84 ± 0 '07)-(3330 ± 100)/2'3RT 
This may be compared with the reported 119  value 
log(k1 , 00./mole sec.) = 1022 - (1700 + 1000)/23RT 
The rate constants themselves are quite similar, e.g. at 16L.°c 
log k1 (this work) = 917 + 011 and log k1 (previous) = 
937 + 050, but the activation energies differ significantly. 
The value for E, obtained in the present work is 
believed to be 01080 to the true value, since E3 
CH  + C6H1 	CH + 06R13 	(3) 
is 68 keeL/mole, 79 and the difference In activation energies, 
for abstraction from hydrocarbons by CF  and CH 
39  is 2 to 3 
kcal./mole. 37 Also, the previous authors 9 used hexa-
fluoroazomethane as radical source, and since most of the CF 3 
radicals added to the -NN- double bond, they were forced to 
use a competing reaction 
CF  +D2 	) CF3D+D 
ME  
and to measure the ratio CF 3D/CF3H, which was done mass spectro- 
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TABLE 1 
HYDROGEN ABSTRACTION FROM 2 3-DIMETHYLB1JTANE BY CF3 RADICALS 
p°c 10 [HFAJ 0 [2,3-DI]0 Time, (RCF ) k R 	H k1/k2 1og(k1/k2 ) % r,6 H 14 sea. 2 6 3 oonsumed 
23 338 258 258 2700 552 717 520 172 75 
24 3 * 37 248 218 1200 635 763 170 37 
40 320 245 24.5 600 781 1208 682 183 30 
59 301 2'6 360 104 222 873 1 94. 33 
81 283 247 247 300 152 504 139 214 6'O 
81 283 253 253 300 148 44 0 120 2008 5'2 
81 283 253 253 300 141 44'7 128 211 52 
104 265 244 244 240 271 107 172 224 10 
125 251 249 249 120 144'9 238 226 236 U 
152 235 21v6 2'146 45 470 299 267 23 55 
Concentrations: mole/co. x 107 
(RC A)k: (mole/cc. 
mole/cc. see. x 1012  
k1/k2*: (o0./mole 


















metrically. The combination of indirect determination and 
a relatively insensitive analytical method probably accounts 
for the Inaccuracy and imprecision of these authors' work. 
It was necessary to make sure that CF 3II arose only 
from reaction (1) and not also from the disproportionation 
OF  + 061113 	) CF 3H + 061112 	(L) 
where C6H12 was tetramethy].ethylene. 	Occurrence of (Li.) was 
suggested by preliminary experiments in which the complete 
product mixture was analyzed on a fast dinonylphthalate column. 
A large peak appeared in the chromatogram, after the 06H 14 
peak, which was absent from a blank experiment. 	From its 
appearance time on this column, it was probably a C 7 or 05 
compound formed in the reactions 
OF  + C6H13 	) CP3C6H13 	(5) 
206 1113 	C611 + 061112 	(6) 
OF  
+ C6 1112 	' CP3 C6 1112 	(7) 
0F3C6H12  + C6H14 	
0F3C6H13 +C6111(8) 
OF  
+ 0F3C6H12 ) CF3C 6H120F3 (9) 
Reaction (7) was undoubtedly taking place, as the value 
80  of 
k7/k1 at 650C is about 120. 
Thus in order to check whether the disproportionation 
(Li.) was significant, the ratio [HFA]/[2,3-n?IB] was varied by 
a factor of 5 0 at constant temperature and constant {2,3-DNB] 0  = 
(103 + 006) x 10 mole/co. 	The data are given in Table 2 
and are plotted in Fig. 2. 	There is little or no signifi- 
cant effect of the ratio [HFA]/[2,3-DMBJ on the rate constant 
ratio. 
FIGURE 2 
DEPENDENCE OF RATE CONSTANT 















DEPENDENCE OF k 1 M ON KETONE/SUBSTRATE RATIO AT 80° C 
Time, (Rcp) RCF if k1,'k % sec. 3 consumed 
120 10 309 456 128 46 
120 10 30'6 370 117 4-2 
240 24 30'4 498 167 11 
120 37 327 527 160 60 
240 50 316 59 . 3 195 13 
	
(R C2F6 )J: (mole/cc. 	x 107 
Rcp H : mole/Co. see. x 10 
12 
(cc./mole see.)'  
As a further check on the reliability of the data, 
some experiments were performed in which [2,3-DNB) 0 was 
varied by a factor of 5, at constant temperature and ketone/ 
substrate ratio. 	The data are given in Table 3 and are 
plotted in Fig. 3. 	There is no significant chang. of 
the rate constant ratio with [2,3-DNB] Q . 
From these investigations it is apparent that side 
reactions are unimportant in the present system, and that the 
Arrhenius parameters obtained for reaction (1) are close to 
the true values. 
(B) Abstraction from 1128 
In the present work reaction (10) 
CF  + 1125 	) CP3H + 311 	 (10) 
is used as a competing reaction in the measurement of the rate 









DEPENDENCE OF RATE CONSTANT 
ON [2,3-DMB] 
[2,3-DMB] 0  , mole/cc. x 108  
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TABLE 3 
DEPENDENCE OF ON [2,3-DMBj 0 AT 800C 
Time,, [2,3-D] 0 (R0 	)1 k11'k Saco R0311 
60 677 347 342 150 
120 11'8 309 456 128 
180 116 24'4 484 140 
20 199 207 428 107 
300 217 152 50 139 
300 253 14c3 440 120 
300 253 11 447 128 
360 300 134 39 . 9 102 
L1.20 360 958 353 105 
Concentration: mole/cc. x iO 
(RCF) 1 	: (mole/cc. sec.) 1 x 10 
RCF 
3 
H 	: 	mole/co. sec. X 10
12 
klAi 	 ( co./mole sea.)1 
consumption 
Of C6HlLL  









of the addition reaction CF 3 + C2H. 	Arrhenius parameters 
for klo  were available from the literature, but It was decided 
to determine k10 at several temperatures in order to check its 
applicability in the present system. 
(1) Experimental 
Mixtures In which [uFAj/[u23j = 40 were photolyzed 
over the temperature range 23- 111°C. The products, 02F6 and 
CF3H, were separated by an 11 m. column of 30% dlethyladipate 
on firebrick at 0°C. 
65 
(ii) Results and discussion 
If reactions (10) and (2) 
2CF3 
	
Do C76 	 (2) 
are the only significant reactions in these experiments, 
then 
ft CF3H 	 k10 
(ft 	) L[HS1 	—  
02-'66 	
J 2 
the data are given in Table Li.. 
Treatment of the data by the least squares method gives 
the expression 
log(k10 )(00./mole seo.) = (572 + 0'37)-(5180 ± 630)/23RT 
If log (A2, cc-/mole  sec.) = 1336 and E2 = 0, then 
log(k10 ,cc.,4nole sec.) = (1210 + 037)-(5180 + 630)2'3RT 
The data are plotted in Fig. Li., which includes smoothed curves 
from other authors' work, as follows: 
Arthur and Bell: 122 
log k10 = (11'65 ± 016)-(3880 ± 260)/23RT 
Arthur and 
log k10 = (11'81 ± 005)-(4190 ± 120)/23RT 
Kale and Timmons: 124  
log klo = (112 + 0l)-(1200 + 100)/23RT 
From the figure it can be seen that the work of Kale 
and Timmons is probably faulty, and it will not be considered 
here. In the temperature range in which the present results 
overlap those of Arthur 122,123  the agreement in the rate 
constant is good, although Arrhenlus parameters differ somewhat. 
W. 
TABLE L. 
HYDROGEN ABSTRACTION FROM 1LS BY CF I  RADICALS 
T° C 1O3 [HFA] Q (RC2F6 ) k RCF ic10'k2 log(k10/4) con umed 
23 338 267 667 3600 3'12 165 87'2 194 75 
41 319 267 667 1200 514 368 117 207 65 
42 318 261 6-54 1800 512 3142 107 203 96 
62 299 267 667 600 682 12'2 284 24,5 11 
88 2'77 264 660 180 206 479 376 258 13 
11]. 260 266 666 15 256 797 479 268 56 
Conoentrations 	mole/cc. x 10
8  
c2p6 	
(mole/co. Sec.)* x 10 
RCF3H : 	 mole/co. see. z 10 12 


















In partioular, the results of Arthur and Gray are more 
preoise than the others, and hence their values will be 
used for Al.  and E in the present work. 
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M. 
CHAPTER FIVE: CF3 ADDITION TO OLEFINS 
(A) Addition to ethylene 
It was noted in Chapter 2 that the addition reactions 
of CF  radicals to ethylene and other olefins had been studied 
by szwarc8 ' 2 using a material balance method. 	The 
limitations of this method were described in that Chapter, the 
chief of which was the fact that no product resulting directly 
from the addition reaction was measured or even observed. 
This Chapter reports the use of an H2 S-competition 
method to study this addition reaction, the reaction products 
being measured directly. 
(i) Preliminary experiments 
It was necessary first to find the best source of 
CF  radicals to use in this reaction. 	Photolysis of 
CF3I-C2H or CF3CHO-C2H mixtures yielded a large number of 
products (as separated by a diethyladipate column at 0 °C) 
and a quantity of high-boiling liquid whose components could 
not be identified. 
Ilexafluoroaoetone was chosen as radical source since 
photolysis of a mixture in which [HFA]/[C2H4) = 10 yielded 
fewer products than previous mixtures. The conditions of 
one such experiment were: 
Total pressure: 50 torr 
Temperature: 	81°C 
Photolysis time: 90 minutes 
The non-condensable product was analyzed mass-spectrc*netrioally 
and was > 99'5% CO. 	The condensible products were divided 
into two approximately equal parts. 	One part was passed 
through a short column 125 of Hg(NO3 ) 2 + Hg(CH3COO) 2 + (C1120H) 2 
on firebriok, which absorbed > 999% of the ethylene, and 
then through a 6 m. column of 30% diethyladipate on firebrick 
at 0°C; this separated the lower-boiling compounds. 	The 
other part was passed through a lL m. column of 20% dinonyl-
phthalate on firebrick at room temperature, which separated 
the higher-boiling compounds. The approximate amounts of 
products, in p moles, were: 
C2P6 : negligible 	
< 0.005 
CF3H : negligible 	) 
CF3CH2CH3 : 017 
CF3CHCH2 : 0'12 
CF3CH2CH2CF3 : 011 
CF3CH2 CH2CH2CH3 : 21 
CF3CH2CH2CH2CH2CF3 : 072 
The chromatographic peaks were identified as follows: 
C21'6 1 CF3H, CF3C2H5 , CF3CH9: samples were available. 
CF3 (0H2 ) 2CF3, CF3 (CH2 )CF3 : the dinonylphthalate column had 
been boiling-point calibrated with the normal C-C 7 hydro-
carbons, and the fluorocarbon compound peaks could be 
identified with reasonable certainty from published boiling 
( 
points .26  
The following reactions are sufficient to account for 
the observed products: 
Addition 
OF  + C2HJ•1 0 CF3CH2CH2 	(1) 
0F30H2CH 2 + C 2 	CF3CH5 	(2) 
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Combination 
OF  + CF3CH2 CT-I2 	) CF3 (CH2 ) 2CF3 	(3) 
OF 3 + CF3Cll8 	
) CF3CH8 CF3 	(L) 
20F3C112CH2 	CF3CH8GF3 	 (5) 
Dlspr'oport lonat ion 
OF  
+ CF3CH2CH2 	) CP3H + CF3CHCH2 	(6) 
20F3CH20H2 	' CFC 2H5 + CF3CHCH2 	(7) 
OF  + CF3CH8 	CFH + cF3C 4 U7 	(8) 
CF3CH2 CH2 + C3CH8 	- CF3CIICH2 + CF3CH9 (9) 
01 CF3CH5 + CF3C!i7 	(10) 
The negligible yield of CF3H suggests that (6) and (8) 
do not occur significantly. 	The negligible yield of C 2F6 
suggests that OF  radicals react very quickly with ethylene, 
and the large amount of CF3CH9 indicates that CF3CH2CH2 
radicals also react quickly with ethylene. 
	
lexafluorohexane may be formed in (L) and (5). 	It 
may be reasonable to assume, since relatively little hexafluoro-
butane is formed in (3), that most of the hexafluorohexane 
arises from diznerization of CF 3CH2CH2 (5). 	If this is so, 
and if similarly most of the CF 3CH=CH2 arises from disproport-
ionation of CF3CH2CH2 (7), then the disproportionation-coinbin-
ation ratio for CP3CH2CH2 is 
(CF3CH2CH2 2 CF3CH2CH2 ) =k7/k5=Rc?cH_CH/RC F3C4H8CF3 =0 16 
A second experiment under the same conditions indicated 
k7/'k5 = 018. 	In this derivation, contributions from (6) and 
(9) have been ignored; however, it gives a first-order 
estimate of k7/k5 017 at 810C, which can be compared 37 to 
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A(c 3H7 , c 3H7) = 016 
In order to reduce the number of products formed in 
the 0P3 + 02H 4 reaction, it was 
decided to add to the mixture 
a source of an easily-abatractable hydrogen atom, so that 
radicals formed in (1) and (2) would react with the additive 
rather than with themselves. 	leobutane, cyolopentane and 
cyclohexane were tried but were unsatisfactory because 
(1) hydrogen abstraction from these compounds was not fast 
enough to prevent radical-radical reactions, and (2) these com-
pounds and their reaction products overlapped the desired 
products on the chromatogram. 	Nethanethiol possesses a very 
labile hydrogen atom, but it reacts spontaneously with hexa-
fluoroacetone to form an involatile complex. 
(ii) CF , reaction in 	mixtures 
Hydrogen sulphide proved to be an excellent source of 
abstraotable hydrogen, and objections (1) and (2) mentioned 
above were overcome. 	When [H2s]/[02H4) = 10, the predominant 
products were CF3H, 0F302H5 and CF 3%119 , and the other pro-
ducts mentioned in section (i) were absent or were formed in 
trace quantities only. 	H2 S 9 when passed through the column 
and flame ionization detector, produced a small negative 
(below base-line) peak which did not interfere with the 
fluorocarbon peaks. 
(a) Experimental 
The HFA-H2 S-C2H mixtures were photolyzed in the ratio 
10:10:1. 	After removal of the CO from the products frozen 
at -1960C, the products were vaporized into and shared by two 
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traps whose volume ratio was 111. One part was passed 
through a 11 ui. column of 30% diethyladipate on firebrick 
at 0°C, and CF3H and C?3 C2H5 were measured. The other part 
was passed through a 14 m. column of 20% dinonylphthalate 
on firebrick at room temperature, and CF3CH9 was measured. 
(b) Results and discussion 
For CF3 radicals produced in C2H-H2S  mixtures rich 
in H2 S, the important reactions were 
Addition 
CF  + C211 
4 	
P CF3CH2 CH2 	 (1) 
CF3CH2CH2 + C2H 	CF 3CH8 	 (2) 
Abstraction 
CF  + 112 5 	CF3Ii + 511 	 (11) 
CF3CH2 CH2 + H 2 S 	CF3C2H5 ± Sli 	(12) 
CF3CH8 + 1125 	CF3CH9 + SR 	(13) 
From this scheme we may write 
RCFCH Cli = k1[CF31[C2H)= Rpc11 + RCFCH 
Rp0 	+ Rcpc11 	[Ha s] 	=  
LC 2H1 J 	k 11 
The data are given in Table 1 and are plotted in Fig. 1. 
Treatment of the data by the least squares method 
yields the equation 
log(k1/k11 ) = (-026 	014) + (1510 	230)123 RT 
Using the value for k ll of Arthur and Gray,, 123 




PHOTOLYSIS OF }1EXAPLUOR0ACBONE IN 8 ?IIIPURES 
T°C Time, [H2 8] RCFI RC?CH5 Rcp c14n9 ilku log(k1/k11 ) k2/k12 
2av 
18 344 1800 110 110 633 2* 90 0172 534 073 065 
23 338 1800 108 11'2 6'58 2"95 0'327 557 075 1'2 
50 310 1320 107 114 6'53 311.6 0408 675 0'83 1'14. 
50 310 1320 109 113 616 331 0364 674 0-83 12 
50 310 1080 108 11-2 631 321 0'343 631 080 12 
64 298 1080 1009 109 110 2142 0262 713 085 12 
64 298 1080 110 11'2 553 3* 13 0'358 707 085 1'3 
80 2 0 84 900 109 112 952 297 0'329 3'88 059 102 
110 261 600 1-06 11.4 9e52 345 0386 14-60 066 13 
125 251 480 101 110 9* 64 273 0125 326 051 050 
125 251 1480 108 109 788 262 0105 3"78 058 0144 
125 251 480 1 04 110 7 , 55 265 0153 4'09 061 064 
140 2'42 360 106 109 763 213 0 374 358 055 19 
159 2'32 420 108 110 8 - 73 284 0 0 0987 3'71 057 038 
159 232 420 1-10 11-0 808 281 00762 3-92 0 - 59 030 
170 226 300 1-07 108 655 218 0 - 109 290 011.6 0'54 
200 211 300 106 108 109 215 0163 229 036 082 
201 211 300 1'06 106 13 - 1 195 00914 165 022 0 0 50 
201 211 300 112 1008 9-31 235 0 0 159 2 - 91 0'146 073 
[02H 410: mole/cc. x 10 








CF 3 + C2H4 
2.0 2.2 	24 	2.6 2.8 	3.0 	3.2 34 3.6 
103/T, 0K1 
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log(k1 , co./mole see.) = (1155 + 019) - (2680+350)/3RT 
in which the standard deviations are the sums of those of the 
previous expressions. 
The present value for log k 1 may be compared with 
that of Szwaro, 8° which was relative to the abstraction 
reaction (lL.) 
CF  + C01 P CF3H + 06H13 
where C6H1 was 2,3-dimethylbutane. His result is 
log(k1 /k 1 ) = 037 + 2350/2 3RT 
From the present work, reported in Chapter I, 
log(k1 ,oc./mole see.) = 1084 - 3330/23RT 
so that Szwarc's value becomes 
log(k19 cc./inole see.) = 1121 - 980/2'3RT 
The values for E obtained by Szwaro and the present work 
differ considerably, although the rate constants at 1640c 
agree within an order of magnitude: 
log k1 (this work) = 1021 
log k1 (Szwarc) 	= 1072 
The limitations of the material balance method used by Szwaro 
have been discussed in Chapter 2. 	In his work, there were un- 
doubtedly side-reactions occurring, which were not taken into 
account. 	It is a common observation in these systems that 
it is relatively easy to obtain concordant results for the 
rate constants, but side-reactions may considerably distort 
the activation energies, as Szwaro himself observes. 80 
Thus it is necessary to consider side-reactions in the 
present work also. 	The absence of C2F6, CF3CHCH20  CF3(CH2)2CF3 
and CF3CH8CF3 suggests that radical-radical interactions 
leading to their formation were completely suppressed, and 
the only radical reactions which took place were addition to 
ethylene and abstraction from H 2 3. 
It has been tacitly assumed hitherto that CF  adds to 
ethylene irreversibly, i.e. that reaction (-1) does not take 
place 
CF3CH2CH2 	CF  + C2H 	(-1) 
The non-occurrence of decompositions like (-1) in addition 
reactions cannot be assumed a priori. 6 	Szwaro 0 '
112  found 
that reversibility occurred at higher temperatures for 
systems forming a weak CF3-substrate bond, e.g. for addition 
to benzene, substituted benzenes and CC12 CC12 . 	For ethylene 
and substituted ethylenee, however, no reversibility was 
observed. 80,127 
The possible occurrence of (-1) in the present work 
was tested at constant temperature by (a) 
constant 1H2 S]/[C2H, and (b) varying [U. 
constant [HFA], as suggested by Szwares 80 
given in Table 2, and it can be seen that 
significant effect of these variations on 
ratio. 
varying [HFA] at 
at 
The data are 
there is no 
the rate constant 
The thiyl radicals which are generated in the reactions 
R+H23 	) j+3ff 
might be involved in the following radical-radical reactions: 
/ CF3 	
\ 	
1,. (CF 3H, 0F3C2H5 , CF3CH9 ) + S 




(CF3SH, CF3C2HSH, CF3C4H5SIi) (15b) 
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TABLE 2 
STUDIES ON THE REVERSIBILITY OF CF3 + 	AT 81°C 
Time, [C2H 0 [HFA) [H23] RCFH CP3C2H5 R00  H 
900 109 545 10 574 230 0 , 200 1v7 2 
900 109 545 110 508 250 0230 587 
900 110 110 112 952 297 0329 388 
900 109 109 552 743 4•40 0557 369 
14.20 109 10e9 527 390 234 0398 371 
900 1'10 110 112 952 297 0329 388 
900 109 109 211 698 131 0'228 464 
780 108 10'8 205 3'26 0546 0131 4v 25 
Concentrations: mole/co. x 10 7 
Rates of formation: .t moles 
Now the occurrence of (15a) would not affect the ratio 
(RCFCH + RCFCH)/RQPH and hence k1/k11 would also be 
unaffected. 	The occurrence of (15b) would lower the rates 
of formation in this expression; whether or not the expression 
as a whole would be affected would depend upon the relative 
ratt.s f formation of the tnree th.Ls. 	Insofar as (15b) might 
have been affected by the variation of initial conditions as 
reported in Table 2, it may be concluded that formation of 
these thus had no observable effect. This is consistent with 
the fact that, as previously noted, radical-radical reactions 
in general in this system were not Important. 
The contribution of (15b) may be estimated as follows. 
In the non-condensable fraction of the products, small amounts 
of 112  were found, such that RH 2 '.i 5 x 10 13  mole/cc. sec. 
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Hydrogen was produced in the interaction of I radicals-. *  
2511 	0 H2 52 ; AH = -65 kcal./mole 	(16) 
01 H2 + 	; tH = - 38 koal./cnole 	(17) 
+ S ; AH = -81 kcal./Mole 
Published data128 indicate that k 17 ,-iO2 k16 , and that 
(k17 + k]6 ) . 8 x 10 12 cc. //mole sec. 	Hence k17 • 13 x 10 12 
co./mole see. 	If  RH 2 = k1.7[SH] 2 , then for the steady-state 
concentration of thiyl radicals in these experiments we have 
[sir] < o x 10 13  mole/oc. 
From the data of Table 1 at 16400, R F 	10- 10 mole/cc* 
sac., k1 -109*7  00./mole 800. and [ 1123] = 12 x 10_ 6  mole/cc. 
Hence 
[CF 3] 	 -'I 
- 	 H 	 mole/co. 
- k11IH2SJ 
Assuming a reasonable value for k 15 for OF  radicals to be 
1013 cc./mole sec., then 
< 6 x 10_13s7  mole/co.sec. 
and RCF 
3  SH < 10-3 
RCFH - 
Similar results may be deduced for the C 3 and 05 compounds. 
In summary, the reactions or SH radicals, if they occur, do 
not significantly affect values of k1/k]] found in this work. 
The further addition of CF 3CH8 radicals to ethylene 
must also be considered: 
CF3CH8 + CH 	) CF 3C6 1112 	(18) 
* Sulphur was also produced in these reactions, and a small 
quantity of sulphur accumulated from the reaction products 
in these experiments. 
ig 
followed by 
OFF3C6H12 + H 2 -3 CF3C6H13 + SR 
No trifluoroheptane was detected. A small undetected amount 
of this compound would q however, affect the material balance 
relation for CF3CH2CB2 radicals in the rate expression. 	If 
k 
16/*kl3 e
v k2/k129 i.e., If the relative reactivity of CF3%H8 
radicals toward H 2 and C2H Is similar to the relative re-
activity of CF3C2HJ radicals, then neglect of (18) would intro-
duce errors of about 0'2 - 1% in estimation of 0F3C2 115 and 
5-10;Q` in estimation of CF3CH9 . These errors, particularly 
for CF3C2H5 , are not serious and may reasonably be neglected. 
It Is likely, however, that the error is appreciably less than 
this, If the reasonable assumption is made that, as the 
fluoroa].kyl radical gets longer, so the Influence of the polar 
and group is "diluted", and the radical will begin to react 
with ethylene more like an alkyl radical. 	It this is so, 
then k1 3 Is likely to be smaller than, say, k1 or k2 . 	This 
change will probably not affect the abstraction rate constant, 
since the reactivitles of 0F3 and CH  with H2 8 are rather 
similar. 122 '129 The net effect will be that k18/k13 < 
and radical loss by (18) will be less than the estimate given 
above. 
(c) Reaction of CF 	=2 radicals 
Some conclusions may be drawn about the addition of 
CF3CH2CH2 radicals to ethylene. 	A material balance relation, 
similar to that in section (b), may be derived: 
[H2 s] 
C2H 41 i2 k12 
79 
where formation of CF3C6H12 radicals has been neglected. The 
values of k214c12 are given In Table 1, and while the results 
are somewhat scattered because the amounts of CF 3C 1 H9 were 
small, it is evident that E12 > E2 . 	The rate constant ratio 
at 1640C may, however, be taken as 09. 	If we assume that 
the rate for CF3CH2CH2 + H28 18 the same as that for CF  + H 2 S, 
then k2 at this temperature is approximately 1096  co./mole sea. 
(d) Hydrogen abstraction from ethylene 
It was shown In section (b) that CF 3H arises only from 
abstraction from H2 5 
CF3 +H2 S 	0 CF3H+SH 	(11) 
and not from radical-radical reactions. 	We have to consider 
the further possibility that CF3H might also be produced in 
the abstraction from ethylene: 
CF  + 0 2 	) CF3H + C2H3 	(19) 
If the amount of 0F311 from (19) were significant relative to 
the CF3H from (11), then the observed Rcp,  attributed to 
(11), would be too high, and the rate constant ratio 
would be too small. 	In order for (19) to be neglected, we 
must have 
k [Cu] 
11 LH  2 
Reaction (19) has not been studied. 	An order-of- 
magnitude estimate may be made as follows. The abstraction-
addition reactions (20) and (21) have been atudiod 131 In iso-
octane solution at 65°C: 
CF3 + 0H 5 	- CF3jj + cff7 	(20) 
0 CFCH8 	 (21) 
where %H8 was cis-butene-2, trans-butene-2 or butane-1. In 
these butenes, it is a hydrogen atom from a C-H bond a to the 
CC bond which is abstracted. 	At 65°C, k20/c21 --' 03 for 
these butenes. 	This result may be assumed to be very similar 
in the gas phase. 80 	If so, then using Szwaro's data 80 for 
addition at 1640C, 
log(k21 , cc./mole see.) = 1054 
we have 
log(k20 , cc./mole see.) = 1002 
Now the hydrogen atoms of ethylene, not being a to the 
double bond, are much less easily abstracted than are hydrogen 
atoms of the butenes. This is shown by comparison of the 
gas phase abstractions 
0113 + CH8 CH 4 + CH 	(22) 
0113 + C 2 	' CH 	+ 02113 	(23) 
in which k23 /1 22 ' 007, practically independent of 
temperature. 851,1-32 	If we make the assumption (which may or 
may not be justifiable) that k23/c22 	k19/k20 , then at 160; 
log(k19, oc./mole sec.) = 887 
The critical ratio becomes, in the present system, 
k19[C2H] - 10887 
io9 	
(009) = 0013 71  
According to this analysis, therefore, reaction (19) is not 
important. 	It is obvious, however, that this result depends 
upon inferences and rate constant values which may be con-
siderably in error. 
(B) Addition to 1,1-difluoroet4lene 
In this addition reaction there are two possible 
products: 
OF  + CH2 =CF2 CF3CF2CH2  
CF3CH2C?2  
CF3 (CH2CF2 )  
where k26 10 k24+ Ic25 . 	For CC1 3 addition93 to this olefin, 
k2 /k25 ". 10- 2 . and it was hoped to find out whether, for OF  
radicals, the ratio was of this order. 
(1) Experimental 
Mixtures of HFA, H2 S and CH20F2 were photo].yzed at 
81°C. 	Products were separated on three columns, as follows. 
The first separated 02F6 , CF3H and the olefin, and consisted 
of a series combination of 16 in. Porapak T at 50 °C and 24 m. 
Porapak Q at room temperature. The columns had previously 
been purged overnight at 100°C in a stream of hydrogen. The 
second separated C 3 , Cj and C 5 products and was 37 in. of 30% 
diethyladipate on firebrick at 0 °C. 	The third separated the 
higher boiling products, and was 30 M. of 20% dinonylphthalate 
on 30/60 Chrcnosorb P. 
(ii) Results and discussion 
The ratio LH2S]/[CH2CF2] was varied from 0 to 20, but in 
no case was the number of products sufficiently small so that 
the competitive method, used in the OF  + C 2 reaction, could 
be applied to this system. 	Whereas in the photolysis of a 
HFA - C2H 1 mixture, no C2F6 or CF3H was observed, photolysis 
of a HFA - CH2CF2 mixture under identical conditions yielded 
measurable amounts of these substances • This indicated that 
OF  + 
CH2C?2 was slower than OF  + C2H6 
This is in accord with the following observations. 
Let us consider the three addition reactions 
OF  + 
C2H1 	) CF3CH2CH2 	(1) 
+ CH2CiIF 	-4 CF3 (CH2CUF) 	(27) 
+ CH2CF2 	) CF3 (C112CF2 ) 	(26) 
Now from published data, 	1C27 /1C 1 = 014 at 16400. 	For 
001 3 r,dioa].s, 93 k26 < k27 . 	Hence it is reasonable to 
assume 20 that for CF 3 radicals also, k26 < k27 . 	Therefore 
at 164000 k26Ac1 < O'lL.. 
A large-scale photolysis of a mixture in which 
[HFA3:[H23]:[cH2oF2j = 10:1:10 was performed, in a manner 
similar to that described in Chapter 3, in an attempt to 
isolate the C - addition product formed in the reaction 
H2S 
OF  + 20H2CP2 	ip CF3 (CH2CF2 ) 2 	'. CF3 (dH2CF2 ) 2H 
The chromatogram showed that the substance tentatively 
Identified as C 
5 H 5 F 7  consisted mainly of two substances, of 
close boiling points, in about equal amounts. 	There were not 
enough data available on the boiling points of these C 5 
isomers, as well as the isomers CF 3 (CH2CF2 )H, for identification 
to be made. 
(C) Addition to tetrafluoroethylene 
The reaction 0F3 + C2F was studied by 3zwaro 2 by 
the material balance method; and again it was hoped to obtain 




The procedure and columns used were the same as in the 
preceding section. 
(ii) Results and discussion 
In the absence of H2 S, there were no abstraction 
reactions in this system, and all reactions yielded perfluoro 
compounds. 
Addition 
0F3 + G 2F 	 ) C 3 F 7 
03F7 + C2F 4 	) C5?11 
etc. 
Combination 
2CF3 	) C2F6 
C?3 + 0 3?7 	CF10 
2C 3F7 	) 
C5?11 + CF 	
' 
C 3F7  + 05F11 	) CF18 
etc. 
C2?6 was observed, as was CF10. The latter was identified 
by comparison with the products from a photolysis 29  of 
C 2H5COC 2 F5 separated on the same column. The C6 and higher 
perfluoro compounds were also probably present, but there 
were no pure samples for comparison. 	The boiling points of 
the normal alkanes and the corresponding perfluoro compounds 
are very similar; 126 but since their solubilities in the 
liquid phase of chromatographic columns are different, it 
proved impossible to identify C6F
19 
 C 5?1 8 etc. with certainty. 
Addition of H2S, in the ratios [H23]/[c2F) = 03 to 
20 0 failed to simplify the chromatograms sufficiently for 
application of the competitive method. 	It was also found 
that a blank photolysis of a H 2 S-C2F mixture yielded two 
compounds which further complicated the chromatogram. *  (No 
such blank reaction was observed in CF  + C 2H 4 or F3 + CH2CF2). 
It appeared further that with H2 8 in the reacting system, the 
yield of a product increased with its carbon number. 	This 
was in direct contradistinction to the result in the CF  + 
system. 
The observations of the previous paragraph are all 
consistent with the general cbservation13° that 0 2 polymerizes 
much more readily than does C2H1 . 	The inductive, steno 
and other effects of substitution of F atoms for H atoms in 
olefins in addition reactions will be discussed in the final 
chapter of this work. 
* A comparable reaction between C2F 4 and thiols is well known. 
See W.K.R. Musgrave, Quart. Rev. VIII, 331 (1954). 
CHAPTER SIX: CH2F ADDITION TO ETHYLENE  
Prior to the present work, there had been no addition 
reactions reported for the CH2F radical. 	Since it is the 
presence of the fluorine atoms of CF  which is responsible 
for the much greater reactivity of CF  over CH 
30 
 the reactivity 
of CM2? radicals would be expected to be intermediate between 
these two. The H2 3-oompetition method described above proved 
to be successful for the measurement of 
CH 2F + C2H)o CH2FCH2CH2 	(1) 
CH2F + H2 S 	' CH3F + SM 	 (2) 
(A) Experimental 
The source of CH2F radicals chosen was 1,3-difluoro-
acetone; this was the source used by previous workers 30 in 
hydrogen-abstraction reactions. 	Photolysis of (CH 2F) 2C0 by 
itself yielded CH 3F and CH2=CHF, which were measured on a 
13 in. silica gel column at 5000, and CH2 'CH2F which was 
measured on a 3 . 7 in. column of 30% diethyladipate on 30/60 
,- 0, Chromosorb P at v 
Photolysis of (CH2F)2CO-H2 s-C2H mixtures in pre-
liminary experiments showed that aide reactions were 
minimized when [c2H]/[a2 sJ was about 10. 	Required amounts 
of reactants were trapped into the aide-arm of the cell as 
described previously. 	Under these conditions, the only 
products observed were CH 3F and C3H7F, which were identified 
chromatographically by comparison with prepared pure samples. 
The absence of C 5 I 11F was confirmed in a similar mariner. 
The non-condensable products were CO and small quantities 
RYl 
['I. 
of 112 . The 112/CO  ratio varied according to conditions, but 
usually was < 01. 	The CE3? was measured on the silica gel 
column, and the C 
3  H 7  F on the diethyladipate column as 
described above. 
(B) Results and discussion 
(1) Hydrogen abstraction by CU2? radicals 
In the photolysis of 1,3-difluoroacetone, CH 2F 
radicals were generated and the following reactions 30 took 
place: 
	
CU2? + (cH2F) 2co 	OH3? + CHFCOCH2F 	(3) 
20ff2? 	, CH2F'CH2F 	 (Li) 
) CH2 CRF + HP 	 (5) 
The products CH2PCH2F and CH2=CHF were observed, along with 
a small quantity of OH 3?. 	Inasmuch as it is the OH 3? from 
(2) which is to be measured in the H2 S-competition system, it 
was necessary to find out whether reaction (3) contributed 
substantially to CH 3F formation. 
For this purpose the ketone was photolyzed by itself 
and in the presence of H 2  S at 410 0, and products were measured 
in both cases. 	The data are given in Table 1. 
TABLE 1 
PHOTOLYSIS OF (dH2 )00 AT 14°C IN PRESENCE AND ABSENCE OF H2 5 
Time, P ketone H2S RCH3P R02113 Rc11 	RCIIJF Sao,
23 	2L.2 
1200 	197 0 	21 	4800 	3300 	023 
1200 	204 210 	1800 133 	0 	494 
Pressures: 	tori'. 
Rates of formation: arbitrary units, 
If, for convenience, we write R  for the ratio 
RCIIF/(RCHF + RCHF) in the absence of H2 3, and Rb  for 
the same in the presence of 1123, then 
= 1 + k2[H23} 7-
k31(CH2?)2C0J = 2150 
.. kfr 3 = 21 x 10 3 
i.e., in the present work hydrogen abstraction from the ketone 
is 80 slow that it can be ignored when H2 3 is present. 
The above estimate for k2 /k3 may be confirmed as 
follows. Parameters for reaction (3) are 30 
log(k 3 , cc./mole sec.) = 104 - 8000/23RT 
Now parameters for (2) have not been measured, but a reasonable 
choice (see section (ii)) is 
log(k2, cc./mole sec.) = 116 - 3000/23RT 
80 that at 1640 C, log (k2/k 3 ) 	37 and k2ft 3 '-' 5 x 1O. 
(ii) CH pF addition to ethylene 
In mixtures in which [C2H14 ]/[112s] = 10, radical-radical 
reactions were entirely suppressed just as they were in the 
OF  + C211 reaction described in Chapter 5. 	Under these 
conditions the only reactions were 
Addition 
	
+ CH1 	) CH2FCH2CH2 	(1) 
Abstraction 
CH2F + 112 3 	CR3? + 311 	 (2) 
CH2FCH2CH2  + 1123 	C 3H7F + 311 	(6) 
L•D] 
NMI 
Disproportionation-combination products such as 112FCri2F, 
Ci2=CHF, CH2F(CH2 ) 2CH2F, CH2FCHCH2 and 0112F(CH2  ) CHF were 
not observed. 	Neither was any C 5 addition product observed, 
that is reaction (7) 
	
CH2FCH2CFt2 + C 2 	-p CH2F(CH2 ) 	(7) 
was too slow under these conditions to be detected. 
If (1), (2) and (6) represent the important reactions 
in this system, then 
RCIiFCHCH = k1 [dH2F][c2H1) = RC 
3H7F 
RCHF = k2 [dH2F][H2s) 
and so 




The data are given in Table 2 and are plotted In Fig. 1. 
Treatment of the data by the method of least squares 
yields the result 
log(k2/Ac1 ) = (091 + 019) + (1320 + 290)/23RT 
To obtain parameters for (1), it is necessary to know can-
parable data for (2). 	This reaction has not been studied; 
cannot be determined in the usual way because combination 
of CH2F radicals, through reactions (Li.) and (5), yields two 
products, and kW4c5  is pressure dependent. 	It Is possible, 
however, to estimate k 2 in the following manner. For the 
comparable abstraction reactions of CH  and CF 3 , 
CH  + 
	' CH + SE 	(8) 
CF3 + H2  3----- CF3H + SH 	(9) 
the parameters are 1230129 
TABLE 2 
PHOTOLYSIS OF 1,3-DIFLUOROACETONE IN
—&S-C-241- J4IZ1URES 






17 3•14.5 1500 7•93 139 10 4  125 0218 60'5 178 
19 313 1500 791 139 103 129 0178 743 187 
29 3* 31 1200 8'00 1141 104 300 0290 115 206 
40 320 1200 844 1'35 108 252 0'1462 586 177 
56 304 900 906 1'37 103 171 0248 712 185 
77 286 600 818 1144 109 3* 04 0578 570 176 
115 258 1420 981 139 105 1'56 0822 35'3 155 
1141 2'42 300 918 1'30 109 282 0686 664 182 
165 228 180 850 130 104 0993 0307 334 152 
192 215 180 9-06 1140 103 110 0'316 359 156 
Concentrations: mole/co. x 10 








CH2F + C2H4 
2.0 2.2 	24 	2.6 2.8 	3.0 3.2 34 3.6 3.8 
I03/T, 0K( 
log(k 3 , co./mole see.) = 11'4 - 2600/23RT 
log(k 9 , co./mole sec.) = 118 - 1490/23RT 
The rate constants at 16400 are log k 8 = 101 and log k9 = 
9 0 7. 	Contrary to most abstraction reactions, rates of CF  
and CH  abstraction from H 2   are of comparable magnitude. 
It may reasonably be assumed that the activation energy 
for GH2F + H2 3 is intermediate between those for CF  and CH  
reactions, and we may write 
log(k2 , cc./mole see.) = 116 - 3000/2'3RT 
Using this value, the present work yields the expression 
log(k1 , cc./mole sea.) = 107 - 4300/263RT 
It was necessary in this system, as it was in the 
CF'3 + CH system, to examine for the possible occurrence 
of reversibility, viz., 
	
CH2FCH2CH2 	) CHEF + C 
2 H 
	(-1) 
For this purpose, the ratio [c2H/[n2s] was kept constant at 
and the total pressure was varied by a factor of 8. 
The data are given in Table 3 and are plotted in Fig. 2. 
It can be seen that there is no significant effect of 
total pressure on k 2/k1 in this pressure range. 	Hence it 
may be assumed that (-1) does not take place and that the 
CH2FCH2CkI2 radical is stable with respect to decomposition. 
For reasons similar to those given for the CF  + C 2 
system, the reactions of SH radicals 
CH2F+SH 	CH3F+S 
) CHFSH 
CH2FCH2CH2 + SH 	0 3H7F + S 
0 CH2FCU2CH2SH 
FIGURE 2 
DEPENDENCE OF RATE CONSTANT 
flNJ TflTAI DDRCHD 
c'J 
20 40 60 80 100 120 140 160 180 
torr 
TABLE 3 
.STUDY OF THE REVERSIBILITY OF CH2F ADDITION TO C2H 	AT lLih °C 
Time, total [(CH2F) 2 00] {H2s] 0 [c 2H] Rcu F Rc 	p k2/k1 
torn' [H2Sj av 
' 
60 220 925 675 102 C222 00684 331 
600 14r2 24v8 131 113 3998 0795 565 
180 431 211 131 103 0 0 940 O'208 465 
240 833 857 212 102 1'27 0330 394 
300 106 962 281 102 1'65 0'514.5 30'8 
900 160 894 480 101 228 0654 353 
Concentrations: mole/cc. x 106 
	
Rates of formation: 	.i moles 
did not significantly affect the rate ratio k 1/k2 derived in 
this work. 
(iii) Abstraction from ethylene 
In the manner analogous to that given for CF3 + C 2 H 
reaction, it is necessary to consider the contribution of (10) 
+ C 2  H 4 	
01 CH3F + 02113 	(10) 
relative to 
CH2F + H2 S 	) CF3 F + SR 	(2) 
Reaction (10) has not been studied. 	We may compare (1G) 
w1ii (11) and (12) 
0113 + 02H 4
, CI + CH3 	(11) 
CF  + C2H 4
C1?3H + 02113 	(12) 
Now in Chapter 5 it was estimated that, at 16Li °C, log k12 = 
887. 	From published data, 132 log k11 = 612 at this 
92 
temperature. 	For the present purpose it is legitimate to 
assume that partially-fluorinated methyl radicals will react 
at rates intermediate between CH  and OF 3 , as given in the 
series 
RATES OF ABSTRACTION FROM ETHYLENE AT 164 0C 
CH 	CH2F 	2' 	CF 
log (k, oo./mole sec.) 	612 	7'04 796* 887 
Relative k 
	
	 1 	83 	70* 	560 
* Estimated values 
Thus in the present work we have 
Rate of abstraction from C 2R = k10[C2H1) 
Rate of abstraction from H 2 	k2[H2S] 
107 *04 
= 	(lo'5)'.' 0.01 10 .,  
Hence abstraction from ethylene may be neglected, as it was 
in the CF  + 0 2 H reaction. 	
The same uncertainties, however, 
apply to the present result. 
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CHAPTER SEVEN: CH 3 ADDITION TO TETRAFLUOROETHYLENE 
The gas phase reaction 
CH  + C 2 	) CH3CF2CF2 	(1) 
was studied in order to widen the comparison of absolute 
rate constants for alkyl. and fluoroalkyl reactions with 
olefins. Reaction (1) had been studied previously only in 
iso-octane solution. 133 
Compared to liquid phase studies, relatively few gas 
phase additions of CH  to olefins have been reported. The 
most intensively investigated reaction has been CH  + C2H, 
and parameters from five studies are given in Chapter 2. 
These authors used either the material balance or product 
analysis method. 	Jvetanovic successfully extended his 
material balance method to measure rates or addition to methyl-
substituted ethylenes. 8 	Trotman-Dickenson used the aldehyde 
method for methyl addition to allene103 and azomethane. 13 
Thus for the present work there was a choice of inethoc 
and the material balance method was chosen for its convenience. 
There remained the choice of radical source. Kebar1e 8 used 
di-t-butylperoxide, while Mandeloorn and Steaoie 82 used 
acetone. 	vetanovi 8 used blacetyl, and since his system 
was relatively free of side-reactions, his method was adopted 
for the present work. 	It may be outlined as follows. 
The blacetyl was photolyzed between 80 and 180 0 c in 
a large excess of C2F14 and isobutane, such that 
+ 1-CH10 ] > 200 [(cH3co)2] 
Under these conditions, the important reactions were 
(CH3CO) 2 + hv 	20H  + 2C0 	(p) 
CH  + C 2F 	 CH3CF12CF2 	 (1) 
CH  + i-C1H10 	- CH + i-CH 	(2) 
When 
[c'I. 
2p11 ] = 0, R0 = RCH . 	In the presence of olefin, 
R R < 	and the difference (Rco - RcH) represents the 
rate of addition of methyl radicals to olefin. 	Thus 
Roo = k1[C2F} 
CH 4 	
k2ti-CH10] 
All that needed to be done in the experiments was to measure 
the C0/CH ratio in the non-condensable products, and make a 
plot of (Rao/RCH - 1) vs. [C 2  P )Ai-coio l at a particular 
temperature. The slope would then be k1/k2
9 
(A) Experimental 
The cell was fitted with a larger side-arm, volume 3 cc., 
so that the new cell volume was 162 cc. Required amounts of 
biacetyl, C2F and isobutane were trapped into the cell in the 
usual way, such that the total pressure was always 	1. atm. 
during reaction. 	After photolysis, the products were expanded 
slowly into the analytical trap at -196 °C, and were trapped for 
10 minutes. The non-condensable gases were removed and 
measured with the T6pler pump-gas burette. The sample was 
analyzed mass speotrometrically at tn/s = 16 9 28 and 32. 	The 
remaining condensed products were discarded. 
The results trczn mass spectrometric analysis were 
treated as follows. 	The mass spectra for the gases concerned 
are given in Table 1. 
TABLE 1 
MASS SPECTRA OF PERMANENT GASES 
Relative peak height 
CH 	 CO 	02 
- 4 9 5 	- 
7 . 7 	 - - 
16 061 	- 
86 
100 



















The results for a typical analysis were: 
Peak height, arbitrary unite 
	
M/0 	 Background 	Background + sample 
16 2 	 510 
28 	 51 4550 
32 0 	 0 
The partial pressure of CO in the sample was taken from the 
peak height at m/e = 28. 	This had to be corrected for the 
contribution from any 14 2  in the sample. 	This was deduced 
from the rn/s = 32 peak for °2• 	The mole ratio N2102 in air 
is 36, and so the air correction was3 2 1(3 6 )(3 6/26 ) = 
5 x 1321, where 1321 represents the peak height at zn/e = 32. 
Ience the corrected peak height at rn/s = 28 was 
28coorr 	4550-51-5(0) = 14.50 0 A.U. 
The partial pressure of CH in the sample was taken 
from the in/s = 16 peak. 	This had to be corrected for any 02 
in the sample. 	The correction was I 321 (O11) (39/26) = 
017 x 1321. A similar correction had to be made for the 
contribution of the CO. 	This was I281corr(O•0095)(3s9/3•8) = 
001 x I28(corr• 	Thus the corrected peak height at m/e = 16 
was 






39 — - R (16 	x--997 
A check was made on the manufacturer's sensitivities 
for CH and CO. A mixture of precise composition CO/CH = 
1005 was prepared with the gas burette and analyzed by the 
method described. The relative sensitivity, sCH /Scot was 
The manufacturer's data gives SCH /SCO = 3'9/3"8 = 
1.0 3* 
The gas samples were routinely checked for any C 2 
or isobutane contaminant. 	The Isobutane was looked for at 
m/e = 43, its largest peak. 	The mass spectrum of C 2F is 
given in Table 2, and the substance was looked for at ni/e = 
31. 	At no time was C2F or isobutane detected In the samples. 
A check rim was made In order to determine whether any 
CO or CH was being occluded in the large amount of products 
trapped at -196 0C during tSplering. 	In this experiment, the 
products were cxice trap-to-trap distilled at -1960C while CO 
and CH were being collected. There was no si gnificant change 
in the amount of non-condensable product or of co/cu14 ratio. 
(B) Results and discussion 
The rate constant data for all experiments are given 
in Table 3, and are plotted in Fig. 1. 	An Arrhenius plot 18 
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TABLE 2 
MASS SPEC TRUM OF C2 
M/e Relative height Probable ion 
19 O58 
30 06L. 
31 100 CF 
32 12 
43 088 C2F+ 
144 079 
50 37 CF2 
58+1 080 
62 35 C 2F2 
81 70 C2F3 
100 39 C 2F 
shown in Fig. 2. Rate constant values were found by the 
least squares method. 
The Arrheniva parameters derived from these data are 
log(k1/k2 ) = (0'52 + 023) + (2420 + 1420)/23RT 
If the parameters for reaction (2) are taken to be 79 
log(k2 , co./mole sec.) = 1083 - 7600/23RT 
then the present work gives 
log(k1 , oc./tnole see.) = (1135 + 023) - ( 5180 ± 420)/23RT 
(I) 
There are no previous data for k1 for comparison, but an 
approximate value may be derived as follows. 	Szwara133 
measured the ratio k1/k 3 in solution 
CH  + i-C8H1 8 	) CH + i-0 8H17 	(3) 
FIGURE 2 












whore i-C8H18 was 2,2,4-trimethylpentane, which contains one 
tertiary hydrogen atom. His result Was 
log (k1/k 3 ) = 072 + 2800/2'3RT 
It i5 reasonable to assume 80  that values of k1/k 3 would be 
similar in both gas and liquid phases. 	Parameters for (3) in 
the gas phase are, 37 to a first approximation, 
log(k 3 , cc./thole sea.) = 105 - 7500/23RP 
Hence 
log(k1 , cc./mole sac.) = 11'2 - 4700/2 . 3T 	(II) 
Equation (II) is to be compared with equation (I), and the 
rates at 1640 C are 
log k1 (this work) = 876 
log k1 (estimate) = 88 
The side-reactions which may occur in the material 
balance method used in the present work were considered by 
Cvetanovic 85 in some detail. The simple relation 
R CO - i 	= k1[02F 1 ] 
R011 	 k2[i-CH10 j 
may be invalidated by two principal sources of error: (1) in 
the photolysis of blacety]., R 00 = RCH
3 
may not hold exactly, 
and (2) 011 3 radicals may disappear by radical-radical 
reactions. 	Some interfering reactions are as follows: 
(CH 3C0) 2 + hv 	-) CH3COCH3 + CO 	(P S ) 
20113 	02116 	 (Li..) 
CH  + i-CH9 	Cxi + CH8 
C 51112 	 (6) 
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TABLE 3 
EASUBEMENT OF THE ADDITION REA CTION CH t!14. BY THE MATERIAL BALANCE METHOD 
Time, T° C 103/T°K [c214]/[i-c14u10 ] Co + 	i# (RC0IRCH 
log(k1/'k2 
B6O ± moles 
3600 80 2'83 00100 1514 2014 
7200 00974 15'3 897 
51400 0'1421 478 6'6 116 2'06 
7200 0701 6014 666 
7200* 0,707* 5147* 57.8* 
7200 1'01 530 119 
900 1014 265 010100 971 179 
900 00995 623 8147 7214 186 
1800 101 256 73'5 
900 130 2148 000972 1148 130 
600 0'100 6'07 684 689+12 1814 
900 0396 14'18 28'9 - 
900 0'720 397 148'9 
1200 100 3'56 69'8 
270 1514 0000998 696 0'912 
1450 0'0976 7'22 572 55'6 175 
900 1000 14°68 558 
60 180 2'21 00101 131 0'760 
1480 0102 810 1478 
5140 0'1403 5'39 212 51'3+09 171 
5140 0'707 1467 372 
600 101 517 51'3 
* Confirmatory experiment with trap-to-trap distillation 
of products 
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Cvetanovic found no ethane in the products. From the O0/CH 
ratio alone, reactions (p'), (5) and (6) cannot be 
distinguished with certainty; however from experiments in 
which [olefin) = 0 and from published values of k5/k6 , 
Ovetanovic estimated that 
R 
0095.1 R 	> 092 OH 3 
and 
Hate of OH + 0 1 H 3 	 < 003 
Rate of CH  + C4 H 
Thus the results obtained by this method are not likely to be 
grossly in error, insofar as the addition product is not 
directly measured. 
Finally, the complicating abstraction reaction 
CH  + olefin 	) CH + (olefin-H) 
is excluded from the present work because there are no hydrogen 
atoms in the olefin for abstraction. 
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CHAPTER EIGHT: CONCLUSION 
The absolute rate constants obtained in this work 
make possible an interesting and wide comparison of radical 
reactivity, as aeaiin Table 1. 	In this table, values for 
CF2H have been interpolated, on the assumption that the rate 
for CF2H addition is intermediate between those for CF  and 
CH2F. 	The rate for Br is not known, but is probably between 
those for OF  and 0 (see Chapter 2). 
It requires only a glance at the list to notice how 
very reactive 
OF  i8 
toward ethylene, in comparison with other 
species. 	It is the most reactive radical, and comes immedia- 
tely after the atoms. 	It is in fact about as reactive as an 
N atom. The reaction 
C2H1 + N(S) 	CH3 + HCN 
is abnormally slow for an atom-olefin reaction; this is due 
to a very low A-factor. The reaction, as written above, is 
said to be apin-disal1owed. 10  
From Table 1, the immediate reason for the much greater 
reactivity of OF  over CH  is the smaller activation energy 
(this is true of both addition and hydrogen-abstraction 
reactions). 	The rate increases as the activation energy 
decreases step-by-step as F is substituted for H in the methyl 
radical. 	In mechanistic terms, this means that as OF  or 
CH  approaches the C2H molecule, the repulsive interaction 
between the radical and the IT -electron cloud of the olefin 
is reduced considerably in the case of OF 
3* 
	In hydrogen- 
abstraction reactions, several reasons have been suggested 
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TABLE 1 
ARRHIUS PARATS FOR ADDITION OF VARIOUS SPECIES TO 
ETHYLENE 
	
R + C H 	RC IL , CH 2L 2 
Reactant 	Log A E 	Log k,164
0C Relative k 	Reference 
H 	134 16 	126 5 x io 105 
Cl 	133 15 	125 4 x 10 104 
0 	129 16 	121 16 x 10 lOLi. 
CF 	115 27 	102 200 this work 
N 	10'3 04 101 160 117 
CP3CH2CH2 	- - 	 96 50 this work 
(CF2H) 	(110) (32) 	(94) (30) 	(interpolation',  
CH2F 	107 43 	85 L. this work 
CH 3 	11-9 80 7 . 9 1 85 
n-C 3H 7 	109 68 	75 04 66 
Col 3 	8 - 6 32 	7-0 013 93 
NF2 	10-6 15 1 5 	2•8 8 x 10 6 92 
A s k: 	co./mole Sec. 
E: 	kcal./mole 
for the greater reactivity of CF 	over Cl! 3 : 	(a) a difference 
in e1eotronegativities; 9 (b) D(CF3-H) > D(CH3-H); 150 and 
(c) CF3 polarizes the transition state CF"H"R and 
lowers the potential energy barrier to reaction. 151 Since 
addition is a qualitatively different reaction than abstraction, 
the reasons for the hier CF 	addition rate are not likely 
to be the same as those for the higher CF 	abstraction rate. 
The mechanism of addition reactions will be discussed later 
in this chapter. 
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When radicals add to substituted ethylenes, questions 
concerning orientation and change in addition rate arise. A 
comparison was made in Chapter 2 of the different effects of 
substituting 
CH  
for H in ethylene on the rate of addition of 
electrophillo and electroneutral reagents. The electrophilic 
species responded strongly to the cumulative electron-donating 
power of methyl groups. 	In most of these reactions, it had 
been ascertained by product analysis that the free radical 
preferentially added to the less-substituted carbon atom. 
Data on addition reactions of fluoro-olefins should 
provide complementary information on the effects of fluorine 
substitution. 	The following radicals add preferentially to 
the less-substituted carbon atom of fluoro-olefins, as deter-
mined by product analysis: H atQns, 18 0 atoms 0 137 S atoma s, 140  
001 3 radicals, 93 0F3 radicals and Br atoms. 139 Sometimes 
addition to the less-substituted carbon atom is also non-
terminal, for example 139 
OF  + CF3CH=CF2 	CF3CH (OF 3 )CF2 
whereas 
OF  
+ CF3OFCF2 	CF3CFCF2CF3 
Relative rates of addition of some free radicals to 
fluoro-ethylenea are given in Table 2. These data are 
revealing. 	According to the simple cumulative electron- 
withdrawing power of F atcmis, the rate of addition of an 
electrophilic radical to C2  4 would be expected to be less 
than the rate of addition to C 2  H by more than an order of 
magnitude. 	This is not the case. 	With C0l 3 , for example, 
the rats indeed decreases as F is substituted for H. but 
the trend is reversed before or upon total substitution. This 
is also probably true for 0 and OF  as well. 
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TABLE 2 
RELATIVE RATES OF ADDITION OF RADICALS TO FLUORO-ETHYLENES 
Radical Temperature 02  CH2 CHF CH2 CP2 CHFCF2 	C2P References 
Cd 3 1614.°C 1 063 025 016 	1 93 
0 16400 1 - - - 	 063 lOLi.,lLil 
Br 1 1 000 1 0 - 014 0 , 012 - 	 - 115 
H R.T. 1 005 's-' 05 - 	 012 138 9 114.2 
NP2 16L °C 1 <10 - - 	 - 92 
OF   1614°C 1 0'147 <0'47(?) - 	 012 this work, 80,112 
CH   1611.°C 1 - - 
- 	 65 this work, 85 
N R. T. 1 - - - 	 -.-2 145v 117 
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A partial explanation for this reversal lies in the 
distinction between Inductive and inesomeric (resonance) 
effects of subetituents. 	A substituent which is a more 
powerful electron-attractor than H is said to exhibit a 
negative inductive effect, -I; if less powerful, a positive 
effect, +1. 	%Aten the subatituent is part of an unsaturated 
molecule, the tendency to supply electron density to the 
conjugated system is designated by +14, and the opposite by -M. 
INDUCTIVE EFFECT 	 MESORIC EFFECT 
11_A 
X—+C—'C—+C (+1) 	x —cc —o=c (+14) 
x..—c—c4—c (-I) 	x —c=c —c=c (-M) 
It has been known in organic chemistry that a 
particular group may have opposite effects in induction and 
mesomerism, and Table 3 gives some examples- 147 
TABLE 3 
INDUCTIVE AND IMESOIIMRIC EFFECTS OF SUBSTITUThTS 
+11,-I Groups 	-M,-I Groups 	+M,+I Groups 
-F 	 -NO2 	 -OH 3 
-Cl 	 -CN 	 -CR 3 
-Br 	 -COR 
-I 	 -000H 
-OH 	 -000R 
-OR 	 -CF3 
-000R 
Thus F atoms withdraw electron density from a saturated 
system but supply it to an unsaturated system. 	A further 
distinction for F atoms in olefins was made by Tedder 8 and 
WA 
considered by jennings. 16 Fluorine attraotao-electrons, 
-Ic; but if F is attached to a carbon atom of a double bond, 
the electrons of the 2p orbitals of F have ir symmetry, and 
will repel the 7 electrons of the double bond, +1,1 , 	Thus 
in fluoro- ethyl enea the deactivating -I a- effect may be more 
or less cancelled by the +L fl. and +M effects. 
When the attacking radical is more electroneutral, it 
is evident that these considerations are less important. For 
CH 3' the rate of CH  + 0 2 is many times greater than the 
rate of CH3 +2 H 4 
 (this has been observed in both gas and 
liquid phases). 131 	In this connection the absolute rate 
constants for addition to C2H and C2F1 are of interest and 
are given in Table L. 	The reactivity with both olefins 
decreases in the sequence 0 > OF  > CH  > 001 3 (horizontal 
comparison). 	The effect of total fluorine substitution 
(vertical comparison) varies from radical to radical. 	It is 
evident that, in the approach of the attacking species to 
these olefins, the radicals respond in different ways to the 
changed charge distribution of the perfluoro compound. 	It 
may be that the manner of incipient bond formation differs in 
some oases. 	For an eleotrophillo reagent such as 0, 
Cvetanovi 10 believes that the addition rate depends upon 
/ 
the charge density between the two carbon atoms C = C , 
i.e., the atom forms an association with the 	-electrons of 
the olefin. 	This arose from the fact that the rate of an 
0 + methyl-substituted ethylene reaction depended upon the 
number of methyl groups but not their distribution. Thus the 






ARRHIUS PARAMETERS FOR ADDITIONS TO C H . AND 
	
CC1 3 	 CH 	 CF3 
Log A 	E 	Log k 	leg A 	E Log k 	Log 4 E Log k 
86 	3'2 	70 	119 	8') 	80 	115 	2'7 102 
1001 	61 	70 
	
11'1. 	5'2 	88 
	
108 	29 	9 , 3 
93 
	
85, this work 
	
80 0 112, this work 
.&2L_A 	Log 
1299 	16 	12]. 
122 	0'6 11'9 
1014, 114.1 
A, k: ca./mole see. 
Es kcal./mole 
Log k: 	at 1614°C 
AM 
but less than rates for trimethyl- and tetramethyl-ethylene. 
(Whether or not this would be so for addition to fluoro-
ethylenes in not ciear. 16 ) 	The addition could be repres- 
ented104 by Fig. 1. 	Here AE is the activation energy of 
addition, and the formation of the ' -complex (charge transfer) 
in the rate-determining step of the reaction. 	The system, 
having passed over the barrier at A, very quickly c:ianges 
from a IT -complex to a cf-complex, i.e., a b1radial 
/ 
The importance rtance of IT-complex formation has been 
challenged by 3zwarc. 2 ' 15' 	tinder special clrournstance8, 
an atom may form air -complex which is long-lived and can be 
detected, e.g. Br + olefins in the liquid phase at low 
temperature by e.a.r. spectroscopy. 	For very eleotrophilic 
reagents such as 0 and OF 
3P 
 the hump at B, if It exists, is 
superfluous because it is much smaller than the one at A. 
and would have no observable effect on the rate constant or 
activation energy. 	Szwarc Instead makes formation of the 
a- -complex rate determining, with a provision for 'iT -complexing 
for polar structures, as shown in Fig. 2. 	In this case the 
barrier which determines the activation energy comes after 
the formation of a Tr-complex, and the height of this barrier 
Is reduced by electrophilic reagents. 
Szwarc l s preference for C-oomplexing in OF  addition 
reactions rests upon the following comparative observations 
which suggest that, In the approach of OF  to olefin, It is a 
FIGURE I 



























R+OLEFIN REACTION PROFILE, 
AFTER SZWARC 








CP3-C bond which forms, and the reaction is associated with 
a specific carbon centre. 	when CF  adds to olefins con- 
taining the centre )cCH2 , the A-factor is constant and the 
great change in rate is attributable to a corresponding 
change in activation energy (Table 5). Note that the 
orientation of addition is the same no matter whether the 
substituents are +M,+I(CH 3 ), +M,-I(F,Cl) or -I(CHcH 2 ). 
In contrast to the above observation, when CF 3 adds 
to an olefin at a CH 
3-j' 
 Cl- or F- substituted carbon site, 
the j factor is significantly reduced (Table 6). 
TABLE 5 
ADDITION OF CF3 TO THE 	CENTRE 
Olefin Rel.k Eolefin Aolefin/A 
65° C kcal./mole per reactive 
centre 
CRFCH2 1 L$O 1 - 3 
OHC1=CH2 5-2 3'2 20 
C012 C112 10 22 09 
0H2 0H2 11 2.7* 10 
CH3CHCH2 13 23 12 
(CH 3 ) 2c=cH2 39 15 12 
PhCHCH2 57 16 20 
Ph(CH3)CCH2 91 1'2 18 
(d112 =cH) 2 100 12 1*2 
0H2=CHC(CH3 )=CH2 	150 10 11 
(CH2=c(CH3 )) 2 220 06 lO 
From this work. The other activation 
energies are based upon this value. 
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Thus it is necessary, when comparing addition rates 
of radicals and atoms, to consider possible changes in both 
A and E. 	Tn the addition of 0 and OF  to the methyl 
ethylenea C2H(CH 3)_, Szwaro112  points out that the radicals 
are equally e].eotrophilic with respect to the reduction of E 
as n increases. 	Inasmuch however, as the A factor is constant 
for 0 but decreases for OF 30 
 the overall rate for CF3 does 
not increase 50 markedly as for 0, and hence OF  appears less 
electrophillo. 
TABLE 6 
ADDITION OF CF., TO SUBSTITUTED CARBON SITES 
Subatituent 	 Olefin 	 Asub 
Unaub. 	Sub. 	Aunsub. 
one CH 	 C2 	cis-CrI8-2 	017 
trans-C4H5-2 	
O'20 
two CH  





















The reaction rates of radicals with larger fluoro-
olefins are summarized in Table 7. The behaviour of 0 atoms 
in these reactions, reported by jenninga,16 illustrate the 
variable cancellation of -I , +I.. and +M effects. 	Thus 
02H5CF=CF2 reacts nearly as fast as C 2H5CHCH2 , but 
TABLE 7 
RKT.AP lYE RATES OF ADDITION TO LARGER FLUORO-OLEFINS 
111 
0 	OF 	W 
H.P. 	65° C 	R.T. 
1 	1 	1 
050 	0'34 - 
0e21 	- 	- 
0011 	- 	- 
0.45 	- 	- 
0006 	- 
136,141 114 	109,145 
0 








CF3 (CH 3 )cCH2  0'018 
Rot. 136 
0 	N 
Olefin H.P. 	H.P. 
%H8_2 1 	1 
<0002 '2 










CF3 (CH 3)C=0112 only 2 as fast as (CH 3 ) 2C=CH2 . 	The effect 
of P atis on carbon atoms outside the double bond is 
cumulative -I 	(diluted by distance): compare C3H6 
CH2FH=CH20  CH2FCH2CH=CH20  CF3CH=CH29  CF3 
(CH 3)CHCH2 . 	In- 
creasing substitution on the double bond carbon atoms tends 
to reverse the deactivating trend: compare 0 3H6 , CH 3CFCH2 , 
02H5 PCF2 . 	It is evident, moreover, that In going from 
C2H5CF=CF2 to CF3CFCF2, the 1c-  effect from the CF  group 
reduces the rate by about a factor of 10- 2, as It does in the 
sequence 03116 	11CF3CH=C112 . 	The same 
effect might also 
be taking place In the sequence OH 8-2_) CF8-20 
Rates of addition for CF 3 + chloro-ethylene8 may 
follow a simpler trend of cumulative electron-withdrawal 
by Cl atoms. The data are given in Table 8. 
TABLE 8 
RELATIVE RATES OF ADDITION TO CIILORO-ETRYLENES 
Olefin 	 OF 	 OH 	 H 
R.T. 
C2H 	 1 	 1 	 1 
CH2=CHC1 	 0'49 	 - 	 - 
CH 2 0012 	 099 	- 	 - 
cia CHC1CHC1 	01018 	- 	 - 
trans CHC1CICl 	0040 	- 	 - 
CHC1=CC12 	.' 003 	 - 	 - 
C2Cl 	 L003 	<0•01 	nod. 
References 	 80 9 112 9 127 	133 	142 
a not detectable 
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In the addition of a radical H to an olefin 
R + C = C 	> RC—C 
/ 	 I 
the rr -bond is broken and a - -bond is formed between the 
radical and olefin carbon aton (the carbon atoms in the 
process of bonding undergo sp2 	sp 3 rebybridization). 
Thus an addition reaction may be considered as the result of 
several processes whose energy requirements may vary with each 
reacting pair. 	One of these component energy terms, 'TI -bond 
energy, has been defined by Benson. 152 For ethylene, it may 
be derived from the thermochemical relations 
cH3CH3 r 	C2 115 + H; AH1  = 98 koal./mole 
C2H5 ) 	CH 	+ H; AH2  = 38 kcal./mole 
The difference, iI - 	= D(C2H5 —1) - D(C 2 J4
— H) = 60 kcal./ 
mole, is the 7r -bond energy EW • 	It is the energy required 
to open the IT -bond, and corresponds to the enthalpy change 
for the hypothetical reaction 
CH2 0H2 	) 
For 1 02-disubstituted ethylenes, E
0 may be obtained 
IN 
from the activation energy of cis-trans isomerization, and 
some data obtained in this manner 1.52 are given in Table 9. 
It was of interest to determine E for C 2F, and this was 
done by a different method, as follows: 
Reaction 	 Enthalpy change 
CF2=CF2 	6 F2 -8F2 	 E. 
ÔF-,-CF2 +CH3 	)CI 3 ?2CF2 	-D1 (c!! 3-cF2ÔF2 ) 
C2F + 011 3 	) CH3CF2CF2 
1114. 
TABLE 9 
P1-BOND E14ERGIES OF VARIOUS OLEFINS, AFTER BENSON 
Olefin 	 E. , kcal./mole 
22 












From thermochemical data, 9152 tH° = -38 ± 3 kcal./mole. 
Now D(Cd—CF2CF2 ) is not the conventional bond dissociation 
energy corresponding to a reaction in which their-bond is 
formed. 	It Is, however, the same as the usual value for 
D(CHy-F3 ) or D(CH 3-C2F5 ), and is taken to be 88 + 1 kcal./ 
mole. 	Hence EO 	= 50 ± 4 ir kcal./mole. Although this 
value is not absolutely reliable, it Is reasonable because 
E (C2F1 )-.-' E (CF8-2). 	In any case, their -bond energies 
of perfluoro-olefins are smaller than those for the 
corresponding unsubstituted alkenes. The weakening of the 
ir -bond of fluoro-olefins may be attributed to participation 






where fluorine exhibits a +M effect. The weakening of the 
ir -bond is consistent with the well-known large exothermioitea 
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of addition reactions of fluoro-olefins relative to the un-
substituted analogs. 	Similar differences exist between 
heats of dimerization and polymerization of C2H1 and C2F. 
It can be seen, however, from the data in Tables L and 7, 
that the relative weakness of the 7r -bond of 0 2F(or C3F6 or 
if it exists, has no observable influence upon the 
rate or activation energy of an addition reaction. 
In summary: CF  is more reactive on an absolute 
basis than any other radical so far studied, in addition 
reactions with ethylene, alkyl-, fluoro- and eIi].oro-ethylenes, 
benzene and substituted benzenes, and dienes (cunzuLated, 
conjugated and isolated). 	The same is true for addition 
to the -N=N- bond in azo compounds 9 ' 3 and to acetylenes. 
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In most cases, the increase in reactivity is due to a 
lowering of the activation energy. 	The effects of halogen 
substitution in olefins upon the rate are not simple, and 
opposing tendencies may or may not cancel each other. 	In 
this connection it would be of interest to obtain separate 
Arrheniva parameters for the addition of an eleotrophilic 
radical (CF3) to the carbon atoms of fluoro-ethylenes, as 
has been done with C01 3 , and compare them with those for an 
eleotroneutral radical (CH 3 ). 	 The addition reactions of 0 
atoms are likely to be nearly isoentropio for an analogous 
series of fluoro-olefina, and so the rate constant directly 
reflects changes in activation energy. This, together with 
data on the orientation of addition, should help to answer 
the question of the extent to which the rate and position of 
addition are determined by the same taotors.1136 
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A competitive method has been used to measure the rate of addition 
	
of fluoroalkyl radicals to olefins. 	The rate of OF  addition to ethylene 
OF  
+ C2H14 ) CF3CH2CH2 	(1) 
was measured relative to abstraction from 1123 
CF3 +H2 3 	CF3H+SH 	(2) 
in the temperature range 18 - 20100. Jlexafluoroacetone was used as 
radical source. The Arrhenius expression obtained was 
log(k1/k2 ) = (-026 ± O'lLi.) + (1510 + 230)/2"3RP 
The reversibility of the addition reaction 
CF3 CH2 CM2 	) OF  + C2 1 	
(-1) 
was tested in this system by varying separately the ratio [H2s1/[c2u] and 
[cp3cocp3 ] at constant temperature. The rate constant was invariant 
under these conditions, indicating that reaction (1) was irreversible. 
An estimate was obtained for the rate constant of the reaction 
CF3CH2CH2 + C2H1 	' CF3CH8 
which, at 1640C, was approximately 10 96 cc./mole see. 
In a similar manner the rate of addition of Cl!2? radicals to 
ethylene 
Cl!2? + C2h 	' CIi2FCII2C1i2 	(3) 
0112? + H2 S CH3F + 311 (Li.) 
was obtained relative to the abstraction rate in the temperature range 
17 - 1920C, and the data yielded the expression 
log(k 3/k) = (-091 ± 019) - (1320 ± 290)/2'3RT 
The reversibility of the addition reaction 
CB2FCH2CFI2 	CH2F + C2U 
was tested by varying the total pressure over an eight-fold range, the 
temperature and reactant ratios remaining constant. 	The rate constant 
did not change, and hence reversibility was excluded. 
Under optimum conditions, the H 2 5-competitive method used above 
was relatively free of side-reactions, and the products measured 
accounted for i'99% of all products observed. The same method was 
attempted for the additions OF  + CH=CF2 and CF3 + C?2=CF2 , but in 
both eases the number of products was not sufficiently small for rate 
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